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URANIUM MINERALIZATION IN BRITISH COLUMBIA. 
JOHN S. STEVENSON. 


ABSTRACT. 

Where uranium-bearing veins have been found in British Columbia, 
the uranium mineral is the crystalline variety of uranium oxide, uraninite, 
rather than the amorphous colloform variety, pitchblende, that is found in 
the Great Bear Lake deposit and in occurrences of similar type elsewhere 
in the Precambrian shield. The British Columbia uraninite is not found 
in granite pegmatites such as the occurrences in eastern North America 
but rather in gold-bearing metallic veins. In these veins, the uraninite is 
associated with cobalt-nickel sulfarsenides similar to those found in nor- 
mal mesothermal pitchblende deposits, but the other associated metallic 
minerals, arsenopyrite and molybdenite, and the gangue minerals, horn- 
blende, feldspar, apatite, scheelite, monazite, and allanite, indicate that the 
veins are hypothermal rather than mesothermal. 


THE principal occurrences of uranium in British Columbia are in metalliferous 
deposits that contain important amounts of molybdenite and gold-bearing 
cobalt sulfarsenides. In all these deposits the uranium-bearing mineral is the 
crystalline variety of uranium oxide, uraninite, and not the massive, colloform 
variety, pitchblende.? In this connection it may be recalled that in nearly all 
the uranium-bearing deposits where sulfides and sulfarsenides are abundant, 
such as at Cornwall, Joachimsthal, and Great Bear Lake, the principal uranium 
mineral is pitchblende and not uraninite. 


GENERAL GEOLOGY. 


The principal occurrences of uraninite in British Columbia are shown on 
Figure 1. The Victoria, the Little Gem, and Index deposits are in grano- 
diorite along the eastern side of the Coast Range belt of batholiths. The Molly 
is in granitic rocks related to the Nelson batholith in the southeastern part of 
the province. 


1 Presented at the Cordilleran meeting, Geological Society of America, Seattle, Wash., April 
8, 1950. Published by permission of the Chief Mining Engineer, British Columbia Department 
of Mines. 

2 Rogers, A. F., Uraninite and pitchblende: Am. Mineralogist, vol. 32, pp. 90-91, 1947. 
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Fic. 1. Key map. Principal uranium occurrences in British Columbia. 


At the Victoria * the uraninite occurs as microscopic grains in lenticular 
veins a few inches to 4 feet wide that contain molybdenite and abundant gold- 
bearing arsenopyrite and cobalt sulfarsenides. These veins are characterized 
by a gangue that is predominantly hornblende. 

At the Little Gem * the uraninite, also as microscopic grains, is in narrow 
lenses, generally about 2 feet wide and 10 feet long, that are along a fracture 
zone in granodiorite. Like the Victoria these lenses contain molybdenite and 
abundant gold-bearing arsenopyrite and cobalt sulfarsenides, but the gangue 
is predominantly allanite and chlorite. 

At the Index ® and the Molly,® the uraninite is associated with molybdenite 


8 Stevenson, J. S., Property description, Minister of Mines, British Columbia Ann. Rept., 
pp. 82-93, 1949. 

# Stevenson, J. S., Property description, Minister of Mines, British Columbia Ann. Rept., 
pp. 112-119, 1948. 

5 Bacon, W. R., Property description, Minister of Mines, British Columbia Ann. Rept., pp. 
113-114, 1949, 

6 Walker, J. F., Geology and mineral deposits of Salmo map-area, B. C.: Canada Geol. 
Survey Mem. 172, pp. 84-85, 1934. 
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in sheeted zones in granitic rocks. Other sulphides, principally pyrrhotite, 
chalcopyrite, and pyrite, are minor in amount. Other hydrothermal minerals 
associated with uraninite and sulphides include quartz and apatite. 


MINERALOGY. 


Gangue Minerals.—These constitute a coarse-grained, and often roughly 
banded, assemblage of minerals of the kind that are commonly found in pegma- 
tites and high temperature deposits. They include hornblende, biotite, apatite, 
allanite, monazite, uraninite, orthoclase, quartz and, belonging to a somewhat 
later stage of mineralization, chlorite, sericite, and carbonates. (Uraninite is 
considered here because of its intimate association with the gangue minerals. ) 

Hornblende is the principal gangue mineral in the Victoria veins but has 
not been observed at the other properties. It is pleochroic in shades of green 
to light brown and appears to be common hornblende. It has been fractured 
and enclosed by the other vein minerals and was probably the earliest mineral 
deposited. 

Biotite is abundant at the Little Gem but occurs in only small amounts at 
the Victoria, where it is confined to altered wallrock. Much of the biotite has 
been pseudomorphically replaced by chlorite and this in turn by carbonate that 
has worked along the original biotite cleavages. The biotite appears to occupy 
about the same position in the sequence of mineral deposition as that occupied 
by the hornblende. 

Apatite is abundant at both the Little Gem and Victoria and occurs in small 
amounts at the Index; but none has been observed at the Molly. It is in long 
slender crystals usually about a quarter of an inch long, although at the Little 
Gem, crystals up to 3 inches long have been observed. It seems to have been 
deposited over a longer interval of time than that over which the other minerals 
were deposited. 

Quirke and Kremers * have found that apatite may contain as much as 2.27 
percent rare earths when it occurs in pegmatites containing radioactive min- 
erals ; however, a spectographic analysis of a crystal of apatite from the Little 
Gem failed to show more than a trace of rare earths. Some of the apatite is 
intergrown with hornblende and biotite and therefore is contemporaneous with 
these minerals but much of it embays and holds inclusions of them, and there- 
fore appears to be later. The apatite is intergrown with all the other gangue 
minerals except the definitely later calcite and quartz. 

Allanite occurs at both the Little Gem and Victoria and is the principal 
gangue mineral at the Little Gem. Here it occurs in distinct, elongated crys- 
tals with a pseudo-hexagonal cross-section. These crystals grow normal to 
the vein-banding and produce a comb structure similar to that produced by 
vein quartz in many types of ore deposits. The allanite is strongly pleochroic: 
x = yellow-green, z = reddish brown. The indices are: a = 1.76; y = 1.78. 
Pertect, rhythmic zoning is characteristic of all the crystals (Fig. 2). Most 
of the allanite is strongly anisotropic, but the outer zones of a few crystals are 
nearly isotropic and probably represent altered portions of the crystals. 


7 Quirke, T. T., and Kremers, H. E., Rare element prospecting in.pegmatites: Econ. Grot., 
vol. 38, p. 177, 1943, 











356 JOHN S. STEVENSON. 


Spectrochemical analyses of two crystals of allanite from hand specimens 
of Little Gem ore gave the following results : : 


MAJOR CONSTITUENTS,* PERCENT. 


SiOz Abundant Abundant 
AlsOs 20.0 15.0 
CaO 10.0 8.0 
Fe20; 20.0 20.0 


MINOR CONSTITUENTS,* PERCENT. 


Mn 0.1 Trace 
Vv 0.27 0.08 
Y 0.2 0.2 
Yb 0.2 0.2 
La 2.0 2.0 
Ce 2.0 2.0 
Pr — —_ 
Nd — a= 


* These results are semi quantitative only; trace is less than 0.05 percent. 


Much of the allanite is intergrown with apatite and monazite, but some of it 
contains inclusions of apatite and is indented by monazite. These relationships 
indicate that, although much of it was contemporaneous with these minerals, 
some of it was deposited after the apatite and before the monazite. 

Monazite occurs in moderate amounts at the Little Gem but has not been 
observed at the other properties. It forms small clusters of cream-colored, 
euhedral crystals about a millimeter in diameter. Much of it is intergrown 
with apatite and allanite and is therefore contemporaneous with these min- 
erals. However, some of it indents the apatite and allanite and may therefore 
be slightly younger. : 

Uraninite occurs in all the properties as microscopic, euhedral crystals 
(Figs. 3, 4). Much of it is widely disseminated throughout the vein matter 
but some of it is gathered together in clusters and chains of more closely packed 
crystals (Fig. 5). Colloidal texture such as characterizes pitchblende is en- 
tirely absent from the uraninite. As the uraninite is generally in well-defined, 
euhedral crystals and seldom shows any indications of embayment by later 
minerals, it appears to be very resistant to replacement. Consequently, its age 
relations to minerals that are not separated from it in time of deposition by 
periods of fracturing, are difficult to determine. It is commonly associated 
with the group of minerals that includes hornblende, biotite, apatite, allanite, 
and monazite and although apparently belonging to the same general period 
of mineralization, it holds inclusions of some of these minerals and was prob- 
ably deposited late in this period of mineralization. 

Although no chemical analyses have been made of the uraninite from the 
British Columbia properties a small amount of concentrate was obtained from 
the Little Gem ore by the use of a super-panner and the identity of the mineral 
checked by an X-ray analysis. Slight differences in the chemical composition 
of the uraninite are indicated by a marked rhythmic zoning that may be seen 
on careful etching of polished sections of the uraninite (Fig. 6). 
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Orthoclase is a common gangue mineral at the Little Gem and the Victoria. 
It is usually in large, well-shaped crystals; those that line vugs within the 
veins are particularly well formed. The variety, perthite, occurs at the Vic- 
toria, but only normal orthoclase at the Little Gem. At both properties, the 
orthoclase occurs banded with the gangue minerals just described. As much 
of the orthoclase occupies fractures in these minerals or encloses remnants of 
them, it appears to have been deposited after a minor period of fracturing of 
these minerals. Orthoclase at the Little Gem is intergrown with apatite and 





Fic 2. Allanite crystal, showing growth zones as dark and light bands, Thin 
section. X 45. 


Fic. 3. Typical euhedral crystals of uraninite, black, associated with molyb- 
denite, black, needle-shaped crystals ; apatite, hexagonal light grey crystals, and me- 
dium gray, bladelike hornblende ; all embedded in quartz, light. Thin section. xX 45. 

Fic. 4. Uraninite crystals, white, in gangue, light grey; dark grey in bakelite. 
Polished section. X 12. 











JOHN S. STEVENSON. 





Fic. 5. Uraninite crystals, black, surrounding and indenting large crystals of 
biotite, medium grey, surrounded by rosette-like clusters of chlorite, dark grey. 
Thin section. X 45. 

Fic. 6. Uraninite crystal, showing growth rings after etching with concentrated 
HNO,. Irregular dark grey lines represent oxidation products along cross-fractures 
in the uraninite. Polished section. X 690. 

Fic. 7. Uraninite crystal, black, with a narrow rim of oxidation products, prin- 
cipally gummite, light grey, surrounded by rosette-like clusters of chlorite, medium 
grey. Thin section. X 775. 

Fic. 8. Veinlet of uraninite crystals, black, surrounded by thick rings of gum- 
mite, white; ground-mass is chlorite and opaque oxides. Thin section. X 170. 
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it is possible that at this property some of the apatite was deposited simultane- 
ously with the orthoclase. 

Quartz is not abundant at any of the properties. The small quantities pres- 
ent form veinlets in and replace not only all the gangue minerals described but 
also the metallic minerals to be described. With chlorite, sericite, and car- 
bonate, the quartz belongs to a period of lower temperature mineralization that 
followed extensive fracturing of the earlier minerals. 

Chlorite is common on all the properties and particularly abundant at the 
Little Gem and Victoria. Some of the chlorite is pseudomorphic after horn- 
blende and biotite and some of it has formed by replacement that extends from 
fractures of earlier gangue and sulfarsenides. This later chlorite is in rosettes 
and vermicules and is the iron-rich variety, daphnite. 

Sericite is common in altered wallrock at all the properties and, with fine- 
grained carbonate, occurs in moderate amounts in vein matter at the Little 
Gem and Victoria. 

Carbonate that is dusty and very fine-grained occurs in all the properties. 
It is intergrown with sericite but replaces all the other hydrothermal minerals. 

Calcite that is clear and coarsely crystallized occurs in well-defined veins 
at the Little Gem and Victoria. At the Victoria the veins are usually only a 
fraction of an inch wide but at the Little Gem they are up to 6 inches wide. 
As these calcite veins extend beyond the main bodies of mineralization into the 
wallrock and in places are found several hundreds of feet distant, the calcite 
represents a separate and much later period of mineralization than that repre- 
sented by the main mineralization of the deposits. 

Oxidation products include resinous, orange-yellow gummite that coats the 
uraninite crystals (Figs. 7, 8), yellow molybdic ochre associated with the 
molybdenite, and veinlets of pink erythrite where cobalt sulfarsenides are 
abundant. 

Pleochroic haloes (Fig. 9) that are very intense and conspicuous are com- 
mon around the radioactive minerals, uraninite, monazite, and allanite, wher- 
ever these minerals are embedded in biotite, hornblende, or chlorite. The 
pleochroic haloes may be observed in several stages of development. In an 
early stage the halo is separated from the kernel of radioactive material by an 
intervening zone of non-pleochroic chlorite (Fig. 8). At a more advanced 
stage, this intervening zone is absent and the halo is immediately adjacent to 
the kernel; and in the most advanced stage, the kernel has entirely disinte- 
grated and in thin-section the halo appears as a solid black circle. 

It may be noted that the occurrence of the several minerals, uraninite, 
monazite, and allanite, found as nuclei in these haloes, further emphasizes the 
observation made by Hutton * that the nuclei of pleochroic haloes are not 
always zircon as was once the common assumption. 

Metallic Minerals.—These include molybdenite at all the properties, arseno- 
pyrite and cobalt sulfarsenides at the Little Gem and Victoria, and pyrite, pyr- 
rhotite, and chalcopyrite at the Index and Molly. The metallic minerals occur 
with the gangue in coarsely crystallized masses, but are in general later than 


8 Hutton, C. Osborne, The nuclei of pleochroic haloes; Am, Jour.:Sci., vol. 245, p. 154, 1947. 
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Fic. 9. Pleochroic halo around crystal of uraninite, black; large black area 
at right is molybdenite. Thin section. X 750. 

Fic. 10. Loellingite, showing characteristic feather or bladed structure. Pol- 
ished section. X 8. 

Fic. 11. Bladelike twinning in loellingite. Polished section, polarized light. 
Xx 270. 
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most of the gangue minerals. Both the metallic minerals and the gangue min- 
erals are of the type commonly found in high temperature deposits. 

Cobaltite occurs in small amounts at the Little Gem and although in some- 
what larger amounts at the Victoria, it is still a minor sulfarsenide. Cobaltite 
is commonly associated with skutterudite but is distinguished from skutterudite 
by its pink color, characteristic oblong cross-sections, and its negative reaction 
to all etch reagents. 

It is commonly held as inclusions in all the other sulfarsenides and appears 
to have been the earliest sulfarsenide deposited. 

Loellingite is one of the two most abundant sulfarsenides at the Little Gem 
and Victoria; arsenopyrite is the other. The loellingite occurs as long slender 
crystals (Fig. 10) in closely packed groups usually with radiating or rosette- 
like arrangements. The arrangement of crystals and the marked twinning 
(Fig. 11) may be particularly well seen in polarized light, or after etching with 
suitable etch reagents such as 1 : 1 HNO, or aqua regia saturated with CoAsS.° 
This characteristic habit of the Little Gem and Victoria loellingite serves to 
distinguish it from the more coarsely bladed and often diamond-shaped crystals 
of arsenopyrite also found on these properties. Asa further and more positive 
means of distinguishing loellingite from arsenopyrite the writer has found that 
etching with the reagents just mentioned is very satisfactory. Loellingite is 
positive and arsenopyrite negative to aqua regia saturated with CoAsS. With 
1:1 HNO,, loellingite quickly etches black with the precipitation of white 
octahedral crystals of arsenious oxide *° but arsenopyrite slowly etches irrides- 
cent dark brown, without the precipitation of the crystals of arsenious oxide. 

A partial chemical analysis of as nearly pure loellingite as could be ob- 
tained from the Little Gem ore is as follows: 


Percent 
Iron 20.6 
Cobalt 6.2 
Nickel 0.2 
Arsenic 60.7 
Sulfur 4.7 
Silica 2.7 
Remainder* 4.9 


* Remainder is principally gangue, both soluble and insoluble. 


As loellingite is principally iron diarsenide, careful search was made for 
a cobalt mineral in a polished section of the material analyzed to account for 
the 6.2 percent of cobalt in the above analysis. Safflorite is a cobalt sulf- 
arsenide very similar in appearance to loellingite. It is iso-structural with 
loellingite and, as indicated by Warren and Thompson ™ can not be readily 
distinguished from it by X-ray analysis. However, microscopic study in 
polarized light and etching with various reagents indicate that in the material 
analyzed only one mineral phase appears to be present and that the etch re- 

® Thomson, Ellis, A qualitative and quantitative determination of the ores of Cobalt, Ontario: 
Econ. Geot., vol. 25, p. 477, 1930. 

10 Warren, H. V., and Thompson, R. M., Mineralogy of two cobalt occurrences in British 


Columbia: Western Miner, vol. 18, no. 5, pp. 34-41, Vancouver, B. C., May, 1945. 
11 Op. cit., pp. 39-40. 
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actions of this mineral correspond more closely to those given for loellingite 
than they do for safflorite. For these reasons the writer prefers to call the 
mineral in both the Little Gem and the Victoria ores, cobaltiferous loellingite, 
rather than loellingite-safllorite. It is probable that the formula of this loel- 
lingite is similar to that suggested in the seventh edition of Dana’s System *° 
(Fe, Co, Ni)2 + x(As, S, Sb)4—x. Some of the sulfur present may be 
contained in the small amount of arsenopyrite generally present with the 
loellingite. 

Loellingite at the Victoria was observed to hold inclusions of cobaltite and 
at both the Victoria and Little Gem it was veined by and held as inclusions 
in arsenopyrite. It is therefore younger than cobaltite, but older than 
arsenopyrite. 

Arsenopyrite is an abundant sulfarsenide at both the Little Gem and the 
Victoria. It commonly occurs in large crystals that show oblong or diamond- 
shaped cross-sections. Examination of massive arsenopyrite in polarized light 
indicates that it is in much stouter crystals than the loellingite and lacks the 
blade-like twinning (Fig. 11) of that mineral. Means of distinguishing it 
from loellingite have already been discussed. 

Arsenopyrite replaces both cobaltite and loellingite. Replacement of these 
minerals results in an “island” and “mainland” texture ** of remnants of the 
older minerals in a sea of arsenopyrite. Almost all sections of arsenopyrite 
show some residuals of these minerals, particularly of the loellingite. The 
ubiquitous inclusions of loellingite in arsenopyrite probably account for the 
cobalt found in analyses of apparently pure arsenopyrite from both the Little 
Gem and the Victoria. 

Skutterudite is found at both the Little Gem and the Victoria, but in rela- 
tively small amounts; some of it shows the roughly oblong cross-sections that 
are characteristic of the mineral but some of it occurs in veins and irregular 
areas between older minerals (Fig. 12). It is readily distinguished from the 
arsenopyrite and loellingite by its isotropism and from cobaltite, which is iso- 
tropic, by its much lighter color and its positive reaction to concentrated 
HNO,."* 

Skutterudite holds inclusions of cobaltite, loellingite, and arsenopyrite and 
occurs as veins in cobaltite and arsenopyrite. The occurrence of skutterudite 
in veins indicates that its deposition was preceded by some fracturing of the 
older sulfarsenides. 

Molybdenite is found in all the uraninite properties described in this paper 
and is the sulfide most commonly associated with uraninite. At the Index 
and Molly, molybdenite is the mineral of principal economic interest. At these 
properties it occurs along fractures in sheared granodiorite and as widely dis- 
seminated clusters throughout less obviously fractured material. At the Little 

12 Palache, Charles, Berman, Harry, and Frondel, Clifford, Dana’s system of mineralogy, 
7th edition, p. 304, John Wiley & Sons, New York, 1944. 

18 Bastin, E. S., et al., Criteria of age relations of minerals, with special reference to polished 
sections of ores: Econ. Geot., vol. 26, pp. 599-600, 1931. 

14 Since the writing of this paper, an article on the X-ray identification of skutterudite from 


the Hazelton View (Victoria) Mine has been published by R. M. Thompson; Mineral occurrences 
in western Canada: Am. Mineralogist, pp. 453-454, 1950. 
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Gem and Index it occurs within the vein matter as thin sheets or as stringers 
up to an inch wide. 

Even where relatively massive, the characteristic rosette texture of the 
molybdenite may be readily seen in polished or in thin sections. This texture 
suggests that the molybdenite formed by replacement in the solid of pre- 
existing minerals rather than by the filling of the open spaces within the vein. 








1 


Fic. 12. Skutterudite, white, replacing cobaltite, light grey; polished section, 
plain white. xX 320. 

Fic. 13. Molybdenite, medium grey, replacing arsenopyrite and loellingite; 
white. Polished section. x 10 
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The molybdenite is not commonly associated with the sulfarsenide minerals, 
but where observed with them, it is vein-like in habit (Fig. 13) and appeared 
to be later in age. 

A nickel mineral is indicated by assays of a few specimens of heavy sulf- 
arsenides from the Victoria. These assays show a variable nickel content that 
ranges from trace up to 3.4 percent. As no nickel mineral was identified in 
the polished sections examined, it is probable that the nickel is contained as 
an impurity in some of the cobalt minerals, most likely in skutterudite. 

Pyrrhotite, pyrite, and chalcopyrite occur at the Molly and pyrite at the 
Index, where they are closely associated with the uraninite and molybdenite 
and belong to the same general period of mineralization. In relative time of 
deposition these sulfides appear to be later than the uraninite but earlier than 
the molybdenite. 


DIAGRAMMATIC SUMMARY OF MINERAL PARAGENESIS AT THE LITTLE GEM AND VICTORIA 
URANINITE DEPOsITs. 








. i Lower Calcite- 
Mineral Fe. meeentace peagne Metallic mineral stage temperature quartz 
= gangue stage stage 





Hornblende and 
biotite — 
Apatite 
Allanite — 
Monazite —- 
Uraninitle — — 
Orthoclase se 
Cobaltite —- 
Loellingite —— 
Arsenopyrite — 
Skutterudite -—— 
Molybdenite — 
Gold waited 
Quartz 
Sericite —_—_— 
Carbonate . 
Calcite and quartz ——— 

















Gold occurs in more than average amounts at both the Little Gem and 
the Victoria and was noted in several polished sections of ore from those 
properties. Where adjacent to the sulfarsenides, the gold was seen as veins 
in these minerals and appears to have been deposited following a period of frac- 
turing of the sulfarsenides. It was not seen in contact with the molybdenite. 

Paragenesis—There is a striking similarity in the mineralogy and para- 
genetic history of these widely separated occurrences of uraninite. These fea- 
tures have been summarized for all the properties in Table I, and, for the Little 
Gem and Victoria, where the greatest variety of minerals and most complete 
record of mineralization is found, a diagrammatic summary of the mineral 
paragenesis is given below. In Table I under each property heading, the 
minerals of that property are listed in order of deposition with the oldest at 
the top. In order to emphasize the similarity in paragenesis of the minerals 
at the several properties, the sequence of mineral deposition has been divided 
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into successive stages, separated by periods of fracturing. More or less the 
same stages have been recognized at each property, but the relative proportion 
of minerals formed in any one stage differs from one property to the other. 
The most complete record of the genetic stages is found at the Victoria and 
the Little Gem and, although the number of minerals is less and the record 
less complete at the Index and Molly, all but the last stage are represented at 
these properties. 
TABLE I. 


STAGES AND IMPORTANT MINERALS IN THE GENESIS OF 
BRITISH COLUMBIA URANINITE DEPOsITs. 














Stage Victoria Little Gem Index Molly 
Batholithic intrusion granodiorite granodiorite granodiorite granitic rocks 
hornblende biotite 
— — -minor fracturing— - — 
High temperature gangue, includ- apatite apatite apatite 
ing uraninite; some contemporane- allanite allanite 
ous and some sequential deposition monazite 
uraninile uraninite uraninile uraninile 
— — -minor fracturing- - — 
orthoclase orthoclase 
and 
apatite 
a llteeteetieetieetieetieetiteeticeetieedieet eed Moderate fracturing- - - - - - - —--- eee 
cobaltite cobaltite pyrite pyrrhotite, 
Metallic minerals; sequential loellingite loellingite pyrite and 
deposition arsenopyrite arsenopyrite chalcopyrite 


— — -minor fracturing- - - 

skutterudite skutterudite 

— — -minor fracturing- - - 

molybdenite molybdenite molybdenite molybdenite 
minor fracturing 


gold gold 
---- --—--—--—-Major intra-vein fracturing- - - - ------------ 
quartz quartz quartz quartz 
Lower temperature gangue; ap- chlorite chlorite chlorite chlorite 
proximately contemporaneous sericite sericite sericite sericite 
deposition carbonate carbonate carbonate carbonate 
-—=<--- - -Widespread fracturing within and beyond the veins— - - - - - - ---- 
quartz 
Post-vein quartz and calcite calcite calcite 








The first stage of mineralization is that which includes the high temperature 
gangue minerals and the uraninite. After a period of moderate fracturing of 
these minerals the metallic minerals, including the sulfides, sulfarsenides, and 
gold, were deposited as a group but with a definite succession in time of depo- 
sition of the several minerals. The minerals of this stage and the previous 
one were rather intensely fractured and a group of somewhat lower tempera- 
ture gangue minerals, including quartz, sericite, and fine-grained carbonate 
was deposited. These three stages all belong to the same general period of 
high-temperature, hydrothermal mineralization. Calcite and calcite-quartz 
veins and veinlets that cut the vein matter, and, at the Little Gem are found 
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for several hundreds of feet away from the ore bodies, indicate a later and 
possibly entirely separate stage or period of mineralization. 


GENESIS. 


The British Columbia uraninite deposits all occur in intrusive rocks that 
are considered to be Mesozoic in age. The Victoria, Little Gem, and Index 
are in granodiorite that belong to the batholithic rocks commonly referred to 
as the Coast intrusives. These range in age from late Jurassic to earliest 
Tertiary, but the bulk of the batholithic material is post-Lower Cretaceous in 
age.?® . The Molly in southeastern British Columbia is in granitic rocks be- 
longing to the Nelson batholith, the age of which is described as “almost cer- 
tainly Cretaceous and may well be late Cretaceous.” ** 

The occurrence of the deposits in massive granodiorite and granitic intru- 
sives is due not only to the competency of such rocks to form suitable fractures, 
but probably also to a genetic relationship between the mineral deposits and 
the bodies of intrusive rocks. Current geologic thought would suggest that 
they all had a common magmatic source. 


CONCLUSIONS. 


The British Columbia uraninite deposits appear to belong to the class of 
hydrothermal deposits described by Lindgren as hypothermal.** The position 
of the deposits within bodies of batholithic rocks and their characteristic min- 
eral assemblage, the association of the uraninite with hornblende, biotite, 
apatite, allanite, monazite, orthoclase, cobalt sulfarsenides, arsenopyrite, and 
molybdenite, are all indicative of deposition at high temperatures. 

The association of uraninite with hypothermal veins is characteristic of all 
the known uranium deposits in British Columbia. 
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ABSTRACT. 


Electrical earth resistivity surveys, extensive test drilling, and the elec- 
tric logging of borings near Champaign-Urbana have provided abundant 
information for geological study of glacial drift aquifers. This investi- 
gation makes possible and encourages an efficient development of the avail- 
able groundwater resources for public, industrial, and domestic use through- 
out a three-hundred-square-mile area. 

The basic geology of the bedrock surface and of the overlying Kansan, 
Illinoian, and Wisconsin drift mantles is described, together with the tech- 
niques of electrical prospecting on the ground surface, electric logging of 
rotary borings in glacial drift and the collection and study of drift samples. 
The integration of composite electrical data with geologic studies provides 
valuable information on the distribution, thickness, permeability, confine- 
ment, and origin of scattered water-bearing formations above the bedrock 
surface. Electrical and geologic cross sections show the regional relations 
of the aquifers with buried bedrock surface topography which includes the 
deep Mahomet (Lower Teays) valley. 

The investigation yields information on numerous water-bearing de- 
posits which are untapped and suitable for extensive industrial exploitation 
in addition to other aquifers available for municipal and domestic ground- 
water development. The Champaign-Urbana study—a type investigation— 
reveals the presence of buried sands and gravels whose potential ground- 
water resources within economic reach of the community greatly exceed 
total demand for the foreseeable future. 


INTRODUCTION, 


Introductory Statement—The geology of the groundwater resources of 
the Champaign-Urbana area has been under investigation for more than 
twenty-five years. This long-term investigation plus a wealth of geological 
and geophysical data recently acquired is the basis for the present work. 
Attention is focused on the geologic conditions controlling the occurrence of 
groundwater in the unconsolidated glacial drift lying above the bedrock. It 
is the purpose of this paper to describe these geologic conditions and to 
present some of the geological and geophysical methods used to acquire the 
basic data. 

The Champaign-Urbana area, in east-central Illinois, as here defined, 
is a rectangle fifteen by twenty miles, lying entirely within Champaign County 
and extending eastward from the Champaign-Piatt county line. It includes 
parts of twelve townships and contains the following communities in descen- 
ing order of population: Champaign, Urbana, Mahomet, Bondville, Seymour, 
Mayview, Deers, Staley, and Sellers. 

Topography and Drainage—tThe land surface is a moderately level to 
rolling upland prairie with a maximum relief of about 210 feet. The highest 
elevations lie along the northwest trending Champaign moraine (Fig. 8), be- 
tween Champaign and Mahomet, called Yankee Ridge. The highest point in 
the area (approximately 860 feet above sea level) is located in section 20, 
T.20 N., R.8 E., about six miles northwest of the Champaign city limits. 

The water sheds of four drainage basins lie within these three hundred 
square miles. Drainage on the northeast and east is into a west ‘branch of 
the Vermilion system, and on the south into the headwaters of the Embarrass. 
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These systems enter the Wabash, the Vermilion in Indiana, and the Em- 
barrass in Lawrence County, Illinois. In the southwest portion of the area 
the surface drainage forms the headwaters of the Kaskaskia system which 
joins the Mississippi River fifty miles south of St. Louis. In the west and 
northwest portions the drainage enters the Sangamon system which in turn 
joins the Illinois River in northern Cass County. 

Population.—The population in Champaign-Urbana dependent upon the 
privately owned Champaign-Urbana water distribution system is estimated 
by the Chamber of Commerce at 53,000. This figure is exclusive of more than 
19,000 transient University of Illinois students whose water requirements in 
living quarters are met in part by the community system. The Mahomet 











Fic. 1. Index map of the Champaign-Urbana area, Illinois. 


village system serves about 800 persons. In the 300 square miles of the 
Champaign-Urbana area about 7,000 farm and hamlet dwellers (about eleven 
percent of total residents) are dependent upon individually developed ground- 
water supplies. 

Geological Setting.—No exposures of bedrock are known to exist in 
Champaign County. The pre-glacial and much of the glacial primary geologic 
data have necessarily been derived from sample studies of drill cuttings. 

The glacial drift of the Champaign-Urbana area is underlain by Mis- 
sissippian-Pennsylvanian bedrock. Regionally the area is on the north flank 
of the Illinois basin. Local geologic structure, however, controls the attitude 
of the bedrock strata from place to place. In the Champaign-Urbana area the 


2 See Figure 3 for geologic column. 
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beds dip generally east and west away from the axis of the LaSalle anticlinal 
belt (10, p. 442),* which trends roughly north-south across a large part of 
the state and crosses the west portion of the Champaign-Urbana area. 

The bedrock strata directly underlying the drift are composed chiefly 
of lower Pennsylvanian shale with thin beds of limestone, sandstone, and coal 
in the Carbondale and Tradewater groups. Drilling near Mahomet, sub- 
sequent to 1931, encountered lower Mississippian strata below the drift along 
the axis of the LaSalle anticline. These beds are typically dark-colored shale 
of Kinderhook age. There are apparently no Devonian strata immediately 
beneath the drift if this area, although rocks of this age are known to occur 
directly beneath the drift at locations north and south of this vicinity along the 
anticlinal axis. 

The thickness of the unconsolidated mantle ranges from about 50 to 440 feet 
and includes, in various parts of the area, pre-glacial, glacial, and interglacial 
deposits of at least six, and possibly as many as nine, ages. The drift 
is composed largely of pebbly, silty till and deposits of glacio-fluvial sand 
and gravel that have various areal and cross-sectional patterns. 

Some of the coarse clastic drift possesses sufficient porosity, permeability, 
continuity and thickness to yield groundwater to small-diameter drilled wells. 
These deposits are the glacial groundwater aquifers. 

Nature of the Geological Problem.—Effort has long been directed in 
the Champaign-Urbana area toward the development of the groundwater re- 
sources available in the unconsolidated glacial drift. One of the functions of 
the State Geological Survey has been to study, here as well as elsewhere in 
Illinois, the composition of glacial drift, the configuration of the bedrock 
surface, and other geologic factors controlling the occurrence of groundwater 

The geological problem is two-fold in that, it concerns both the exploratory 
and development phases of groundwater production. The exploration phase 
consists of ascertaining, by various means, surface locations that warrant test 
drilling in the search for permeable water-bearing sands and gravels. The 
development phase is concerned with optimum depths for screen settings, 
optimum screen length and slot sizes and, though perhaps not of great im- 
portance in this area, shooting and acidizing zones. 

The geologic factors which are considered in estimating the suitability 
of a sand and gravel aquifer for development of water supply are its (1) 
thickness and extent, (2) permeability, (3) depth, (4) orientation with 
respect to the bedrock surface, (5) confinement in till, silt, and clay, (6) 
geologic and geographic relationship to aquifers already yielding ground- 
water, and (7) geologic relationship to other aquifers with respect to ground- 
water recharge. 

A thorough solution of exploration and development problems, though 
geological in nature, cannot be achieved by geological methods alone. Their 
solution lies in the integration of abstract and empirical geophysical data with 
known geological information. By this means the limits of geological predic- 
tion are extended beyond those based upon geologic data alone. 


3 Numbers in parentheses refer to Bibliography at end of paper. 
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Public Water Supply Development.—Three systems of public water supply 
have been established in the Champaign-Urbana area, those of the cities of 
Champaign-Urbana, the University of Illinois, and the village of Mahomet. 

The water works serving Champaign-Urbana is a privately owned single 
system installed in 1885 and was the result of an unsuccessful prospect for 
coal. A shaft was dug in north Urbana, but a water-saturated stratum made 
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it impossible to develop the underlying coal resources. The original well 
field was located around the site of this shaft. This general field was 
further developed in 1915 and in 1921. By 1945 the water resources of the 
north Urbana well field area became alarmingly inadequate because of the 
demands of an increased population, and a search was begun for additional 
well fields.+ Geophysical and geological exploration by the State Geological 
Survey has led to recent drilling and development by the Illinois Water 
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Service Company of a new and more than adequate water supply one to 
three miles northwest of Champaign. 

Until 1901 the University of Illinois was supplied its water by the private 
company furnishing groundwater to the cities. Because of inadequate fire 
protection to buildings on the University grounds, a separate water system 
was developed by the University. Its distribution system is so cross-con- 
nected with the cities’ system that water is in emergency available to the 
University or to the cities from either source of supply. 

The Mahomet water system, established in 1939, is supplied by two wells 
drilled less than 100 feet into glacial drift. 

Acknowledgment.—The authors wish to acknowledge the fundamental work 
of the geologists who have made this paper possible, particularly Dr. Leland 
Horberg, University of Chicago, formerly of the Illinois State Geological 
Survey, and Dr. M. M. Leighton, Chief of the Illinois Geological Survey. 
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Pullen, Dr. H. B. Willman, Mr. L. E. Workman, Mr. John F. Mann, of the 
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illustrations, to Dr. Carl A. Bays, consulting geologist, for procedure sug- 
gestions during the early stages of the research, and to Mr. H. F. Smith 
of the Illinois State Water Survey for the hydrologic data which has been 
used in support of geological interpretation. 


SOURCE OF GEOLOGIC DATA, 


Subsurface Studies—The study of drill cuttings, made possible by the 
permanent filing of earth samples by the State Geological Survey, reveals 
considerable subsurface information. The value of the information, however, 
is directly dependent upon the type of sampling method and the care employed 
by the driller. The cuttings are commonly from cable tool, rotary, or reverse 
hydraulic drill holes, taken at five-foot intervals. Studies have been made 
at the State Geological Survey of more than 92 sets of drill hole cuttings from 
the Champaign-Urbana area. Drill hole logs showing the Pleistocene strati- 


UNIVERSITY OF ILLINOIS Test, No. 4-1946, LAYNE WESTERN, SEPTEMBER 1946. 
SIEVE ANALYSIS. 








Percent retention on individual screens 50% retention 
Sample 
’ Diam. | Screen 
9 16 24 32 42 60 80 115 170 Pan inches sise 








65-70 16.83 | 5.16| 3.66) 6.00 | 15.83 | 24.16] 8.16] 6.50] 2.33} 1.50 | .0132 12 
70-75 7.33| 5.50) 3.83) 7.00} 17.16 | 21.66) 17.16} 9.50) 5.50] 5.00} .0113 10 
75-80 22.83 | 8.00) 7.50} 9.66| 19.16] 19.50} 21.00} 7.33] 2.66} 2.33} .0188 18 
80-85 8.33 | 6.00} 3.00| 4.33 | 12.16 | 21.00 | 22.33 | 13.16] 5.16] 4.16] .0107 10 








85-90 .16 -66 50} 1.50} 6.83] 3.50 | 43.33 | 28.16) 11.50} 3.83) .0074 7 
125-130 1,33 83 .83| 2.66 | 16.33 | 19.00 | 26.66 | 17.33 | 7.33) 7.33} .0087 8 
130-135 1.66; 1.00| 2.00] 7.33 | 35.33 | 25.66| 7.00} 3.00/16.00/ 1.00} .0130 12 
135-140 50} 2.80} 4.50} 12.00 | 34.30 | 18.80) 12.50] 7.80} 3.20} 3.50} .0145 14 


145-150 3.00} 4.00) 7.16} 15.00 | 30.83 .33 | 26.33 | 6.33 | 2.66} 3.50] .0114 10 
150-155 9.66 | 27.83 | 11.66 | 12.50] 16.66} 3.83} 9.33) 3.00) 1.66) 3.66) .0267 25 





















































INVESTIGATION OF AQUIFERS IN GLACIAL DRIFT, 373 


graphy are drawn from sample study data. Drill hole logs include where 
feasible probable elevations of the glacial stratigraphic units and the elevation 
and description of the penetrated bedrock surface. 

A mechanical analysis of grain size of the samples aids in establishing 
engineering specifications for screens in wells at the proper depths. These 
analyses provide the necessary data for selection of the optimum screen slot 
size usually based on a calculated 50 percent retention of aquifer material. 
No application has been made of sieve analysis data to stratigraphic correla- 
tions. The analyses data have been used chiefly in development problems of 
groundwater supplies. 

Where samples of cuttings are not available or are incomplete, driller’s 
logs may be of great value. In portions of Illinois, where drift overlies a 
continuous limestone surface, the driller’s bedrock surface elevation is generally 
reliable. At many locations in the Champaign-Urbana area the bedrock is 
weathered shale; thence determination of the actual bedrock surface at such 
places may be difficult to establish. In such instances it is necessary to 
determine the bedrock surface elevations on the basis of sample study. 

Surface Studies—In groundwater problems surface studies of the glacial 
drift in the Champaign-Urbana area are limited in value because (a) cross- 
sectional exposures are commonly widely separated and apparently limited 
to Wisconsin drift; (b) the major water-bearing glacial deposits have no 
expression at the ground surface. The lithology of the shallow Wisconsin 
drift has considerable influence on the hydrologic characteristics of deeper 
aquifers. Our knowledge of the composition of even the upper drift sheet, 
however, has been principally derived from subsurface studies. 

Surface observations have been largely topographic. In work on the 
geology of groundwater resources the major value of topographic and aerial 
data is their contribution to the knowledge of Wisconsin ice behavior. 

SOURCE OF GEOPHYSICAL DATA, 

The Electrical Earth Resistivity Survey.—Electrical earth resistivity 
surveys have been made intermittently in the vicinity of Champaign-Urbana 
over a period of 12 years beginning in 1938, but the first large comprehensive 
survey was completed in 1942 by Dr. K. O. Emery of the State Geological 
Survey. This survey consisted of an area 8 miles square with the twin cities 
in its approximate center (Figs. 9 and 10). In this investigation 540 
stations were occupied. The second large survey was completed in 1944 
by M. B. Buhle as a southward extension of Emery’s survey. This extended 
the previous survey three miles. Both surveys were attempts to locate 
deposits of water-bearing sand and gravel from which large supplies of water 
could be obtained. The first survey was a joint effort by the Illinois Water 
Service Company of Champaign-Urbana and the University of Illinois search- 
ing for water supplies for both the cities and the University; the second 
survey sought a source of water for the University airport. In order that 
the latter area be examined in great detail, some 500 stations were occupied. 
Including the survey west of Champaign in the autumn of 1949, more than 
1,100 stations have been occupied in this area. 
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INTERGLACIAL STAGE 
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Sond, yellow, fine to coarse, poorly sorted, dirty 





€ KANSAN STAGE 


Till, reddish-brown, silty, sandy, calcareous 





Till, yellow, sandy, high in quortz, calcareous 
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Silt, reddish yellow, portly calcareous, some sand, 
scattered soil, some ashen green portly organic particles 
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Till, gray, clayey, silty, calcoreous 
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Sandstone, yellow, fine, massive, coherent 
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log of a Pleistocene geologic sequence. 
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The basic instrumentation (1) used in this work closely follows the 
commutated direct current circuits developed by O. H. Gish and W. J. Rooney 
using the Wenner configuration of electrode spacing. Many changes have 
been made in the instrumentation at the Illinois State Geological Survey, but 
the theory remains the same. 

In field operation four equidistant electrodes are set in the ground in a 
straight line. Then a commutated 15 to 20 cycle current field is generated 
between the two outside steel electrodes and a measurement is made of the 
potential drop between the two inside copper electrodes. This measurement 
is observed on a specially calibrated potentiometer and is read directly in 
ohm-centimeters of apparent resistivity. 

The spacing of electrodes, although not exactly indicative, is closely related 
to the depth to which the earth materials affect the resistivity value obtained. 
3y setting the electrodes at successively closer spacings, successively shallower 
depths are penetrated. The instruments are portable but are normally 
operated along roads from the rear trunk of a passenger car. The surveys 
cannot be run where there are water or gas mains, steel post fences, or any 
type of a buried conductor which would disturb the applied electrical fields 
or the natural resistance of the earth materials. 

In the Champaign-Urbana area electrical prospecting was carried out 
with the electrode configuration so established as to give fairly detailed 
resistivity measurements of the entire drift section. Drift thicknesses were 
estimated in advance of geophysical investigation. 

In general, sands and gravels in the glacial drift bearing fresh water 
have considerably higher resistivities than non-water-bearing clays and silts; 
however, the amount of fine clay or silt present in sand and gravel has a direct 
effect on its resistivity, perhaps due largely to retarded flushing. It, there- 
fore, follows that as the amount of clay or silt increases, the potential water 
yield and the resistivity value decrease. Where adequate geologic control 
has been established, it is sometimes possible to assign an arbitrary resistivity 
value which may be the lowest electrical value obtainable from good water- 
bearing, permeable sand and gravel. The Champaign-Urbana area is such 
an example. 

In Figures 12 and 13, the glacial drift with resistivity values exceeding 
8,000 ohm-centimeters is composed of clean sand and gravel deposits capable 
of producing large quantities of water. This has been proved by test drilling. 
In drift with resisitivity values ranging from 6,000 to 8,000 ohm-centimeters, 
sand and gravel deposits may be present, but are likely to have enough silt and 
clay to produce less water than the 8,000 ohm-centimeters drift. In drift 
with values of 4,500 to 6,000 ohm-centimeters, water supplies are rarely 
found. Resistivity values of 3,500 ohm-centimeters and lower in this area 
preclude the chance of getting even a satisfactory farm well. This interpreta- 
tion has been demonstrated by drilling. 

In some areas (Figs. 12 and 13) where high resistivity values were 
obtained no test drilling has been done; therefore, they remain probable but 
unproved areas. 
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Electric Logs —The use of electric logs in studies of the glacial drift has 
supported sample-study logs, and has provided empirical data valuable ,in 
the exploration and development phases of groundwater research (1). Elec- 
tric logs used in groundwater investigation usually provide the following 
information : 

(1) Accurate depth determinations. The depths assigned to well cuttings, 
whether rotary or cable tool, are subject to error. Furthermore, the .five-foot 
sample interval itself induces initial depth error. It follows that depth 
relationships of unconsolidated strata as determined by sample study alone 
are subject to some degree of error. The electric log indicates the electrical 
properties of strata with an accuracy that affords reliable depth determinations. 
During the development stage of a groundwater problem the use of electric 
logging therefore facilitates screen settings, shooting, and casing procedures. 

(2) The qualitative determination of relative permeabilities. It has been 
pointed out by Knodle (7) that the true permeability of a glacial aquifer cannot 
be established from sample studies alone. Unconsolidated material once dis- 
turbed does not exhibit its former ability to transmit fluid. It is thought that 
the self-potential curve of the electric log represents an algebraic sum of several 
types of electrochemical potential. In the case of fresh-water sands the poten- 
tial kick is generally positive. This is particularly true when the drilling mud 
contains in solution a sodium chloride content (usually from deeper saline 
waters) relatively greater than the sodium chloride content of the water of the 
aquifer (4). 

In electric log interpretation of glacial drift in Illinois for the purpose 
of identifying zones of high permeability resistivity curves are very important. 
Zones of sand and gravel containing flushed, low mineralized groundwater 
exhibit greatest resistivity ; zones of till and silt exhibit lower resistivity. On 
this basis the electric log of Figure 2 indicates (with greater detail and 
accuracy than the sample study) two zones in the drift section apparently 
capable of favorable groundwater percolation. These zones are at the depths 
of approximately 70-84 and 110-144 feet, respectively. Contrary to the 
sample study log the upper sand is probably the thinner of the two. The 
extremely high resistivity of a thin portion of the upper sand does not con- 
clusively suggest that the upper sand is the more permeable of the two. There 
is likelihood that the lower sand because of high permeability was invaded 
by low resistivity drilling mud which would have the effect of masking the 
natural resistivity of the formation. Note that the third curve with its 53- 
inch electrode spacing reflects the influence of high resistivity sand over 
a greater vertical interval than the normal curve with its 18-inch electrode 
spacing. Note on the normal curve a high resistivity streak (probably a 
thin sand or bed of sandy till) at a depth of about 96-99 feet which did not 
strongly influence the third curve probably because of its wider electrode 
spacing. 

(3) Correlation by electrical horizons. It has long been known that sub- 
surface correlation by electrical characteristics is practical in indurated mate- 
rial. Peculiar electrical characteristics are known to occur also in unconsoli- 
dated glacial drift. The physical and chemical properties that control the 
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electrical characteristics cannot usually be detected by microscopic sample 
study. In such instances it remains for the electric log of undisturbed material 
to exhibit the electrical phenomena. The kick displayed by the normal re- 
sistivity curve of Figure 2 at a depth of about 50 feet may be caused by hole 
condition but is a type pattern that is a potential key to correlations. Glacial 
drift correlations by electrical anomalies are now in early stages in the 
Champaign-Urbana area, and final preparation awaits the availability of 
electric logs in critical localities. 

(4) Detection of thin zones of permeability not exhibited by samples. 
Since samples from five-foot vertical intervals cannot illustrate the details 
of the geologic section many highly permeable sand or gravel beds of limited 
thickness may pass unobserved, unless the driller is extremely conscientious 
and competent. On the basis of permeability the electric log can facilitate 
the detection and possible development of this type of thin water-bearing bed. 


THE BEDROCK SURFACE, 


Character—The mature Pennsylvanian-Mississippian bedrock surface of 
the Champaign-Urbana area (Fig. 4) has a maximum relief of about 305 
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Fic. 4. Relief model of deeply buried bedrock topography with 
geographic superposition. 
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feet. All bedrock relief is completely obscured by the overlying drift mantles. 
The altitude of this bedrock surface ranges from approximately 300 to 605 feet. 
One of the dominant features here is the deeply entrenched Mahomet (5, p. 
349), or lower Teays, Valley which crosses the northwestern portion of the 
area in a northeast direction. Above, and here largely east of, the Mahomet 
bedrock channel is a wide rock bench that ranges in elevation from about 400 
to 475 feet. A well developed bedrock tributary valley trends west through 
the area and lies close to the south limits of Champaign. This tributary 
valley appears to open onto the rock bench near Bondville about 100 feet 
above the depths of the Mahomet Valley. Two high bedrock areas are located 
respectively north and south of the major west-running bedrock tributary 
valley. A bedrock elevation of 555 feet has been proved to the south in 
section 9, T.19 N., R.9 E. Maximum elevation of about 600 feet could be 
expected in section 17, T.18 N., R.10 E. A bedrock surface maximum eleva- 
tion to the north appears to be about 570 feet in section 29, T.20 N., R.10 E. 
Outside of this area but within Champaign County bedrock elevations are 
probably locally as high as 620 feet above sea level. 

Regional Relationship of Bedrock Surface—The rock bench above the 
deep Mahomet channel was described as the Havana strath by Horberg (6, 
p. 190). Elevations of buried rock benches have been correlated from a point 
near the Indiana line to west-central Illinois in the southwestern corner of 
Mason County. This strath was probably a low drainage development post- 
dating the central Illinois Peneplain (6, p. 189). The bench surfaces lie 
on both sides of the Mahomet channel in Champaign County but are entirely 
east of the channel in the area described in this investigation. The strath areas 
deserve particular study since the rock benches appear to have had an im- 
portant influence on the deposition of gravel deposits which have since become 
aquifers. 

Below, and post-dating, the Havana strath the Mahomet channel lies 
within the confines of the strath west from Iroquois County. The depths of 
the valley represent the youngest major bedrock erosional development in the 
region. Indications are strong that the Mahomet River may have been the 
downstream channel of a vast drainage system extending from some point 
east of the Appalachian Front (along the west side of the Appalachian Valley) 
to the ancient Mississippi in western Illinois (5). Kansan and possibly older 
deposits in the deep valley suggest the abandonment and derangement of this 
vast drainage system in early Pleistocene. 

One of the problems that arises in all considerations of the Teays- Mahomet 
bedrock valleys is the relationship of the Mahomet to the Wabash (3). The 
Mahomet and the Wabash bedrock valleys appear as downstream bifurcations 
of a single upstream valley. The abandonment of the Mahomet channel in 
Kansan time suggests that the chosen course of the lower Teays became the 
Wabash bedrock valley south of Tippecanoe County, Indiana. The Illinois 
lobe of the Kansan glacier apparently did not extend far into western 
Indiana, thus allowing the lower Teays River to be directed marginally along 
the east flank of the glacier. In south-central Ohio the north-flowing Teays 
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River apparently was reversed after Kansan glacial invasion (11, p. 78), 
which is evidence that the Wabash River was never a lower drainage course 
of the entire Teays system. The problem awaits further study of drill 
cuttings, particularly in Tippecanoe and Fountain Counties, Indiana. 

The higher bedrock surfaces of the Champaign-Urbana area, specifically 
those above an altitude of 475 feet, are probably part of the Tertiary Central 


Illinois peneplain (6, p. 189). This has been described as the oldest erosional 
bedrock surface in the region. 


PRE-GLACIAL UNCONSOLIDATED MATERIAL. 


No drill cuttings of materials above the bedrock in the Champaign-Urbana 
area have been definitely assigned a pre-glacial origin, though elsewhere in 
the state (6, p. 190) pre-glacial unconsolidated material has been identified. 
However, there can be little doubt that limited thicknesses of non-glacial 
silt or sand and gravel are present on the bedrock surface in portions of the 
area. The material may be largely alluvial rather than residual, since alluvial 
deposits in protected locations in the bedrock lows would have more readily 
escaped ice scouring. 


NEBRASKAN DRIFT. 


Earlier studies of the drift in Illinois suggested the presence of glacial 
deposits older than Kansan (2, p. 124). Similar observations by subsurface 
methods have been made in the vicinity of Champaign. Figure 3 shows the 
summary sample study of the 294-foot University of Illinois test hole number 
3, originally studied by L. E. Workman, Illinois State Geological Survey. 
The basal sample, which includes chips of Pennsylvanian sandstone from the 
bedrock, contains material that is unmistakably till. If the thick, highly 
weathered silt section, which here directly overlies the basal till is correctly 
identified as Aftonian, then the till resting on the bedrock is Nebraskan. 
The possibility must be entertained, however, that the basal till is early 
Kansan overlain by interstadial silt. No other samples in the Champaign- 
Urbana area have been so described. 

The University of Illinois test hole number 3 is located on the north 
flank of the west-trending bedrock tributary valley which extends from south 
Urbana to the Havana strath. Sample studies of test holes nearer the axis of 
the bedrock valley suggest that Nebraskan till is not present on lower bedrock 
surface areas immediately south of test hole 3. 

No deposits suggesting Nebraskan origin have been discovered from drill 
cuttings in the strath area west of Champaign. It could, perhaps, be expected 
that the surfaces of the bedrock bench were subjected to widespread erosion 
during the long Aftonian interglacial period. It is even more unlikely that 
major deposits of Nebraskan drift (if deposited) in the depths of the en- 
trenched Mahomet Valley, could have survived the intense torrents in post- 
Nebraskan time. Nebraskan deposits, if present, do not by our present 
understanding warrant major consideration in the groundwater geology of 
the Champaign-Urbana area. 
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AFTONIAN SURFACE AND DEPOSITS. } 


Samples from only two test holes in the Champaign-Urbana area have 
been identified as interglacial Aftonian. These borings are the University 
of Illinois test holes numbers 3 and 1, located in sections 18 and 7, respectively, 
T.19 N., R.9 E., approximately 500 feet apart. 
The Aftonian surface at the base of the Kansan drift section has been 
recognized here on the basis of a number of microscopic observations. (a) 
E. R 
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Fic. 5. Bedrock contour map of Champaign-Urbana area. 


An abrupt lithologic change, generally to silt from basal Kansan sand, (b) 
strong oxidation, (c) organic silt, and (d) ashen green coloration of clayey 
silt particles. 

Aftonian deposits are believed to occur at scattered places through the 
Champaign-Urbana area, probably concentrated in low bedrock elevations 
east of the Havana strath. Most of the deposits are strongly oxidized silt, 
possible in part loess. This silt section attains a thickness of 35 feet at 
the location of the University of Illinois test hole number 3. Coarse clastics 
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of Aftonian origin no doubt exist in the general vicinity of Champaign, but 
their recognition is difficult. It appears likely that Aftonian sands and 
gravels here are composed partly of reworked Nebraskan deposits. Since 
Nebraskan gravels may have a pebble suite distinct from Kansan in this area, 
it may be possible to distinguish Aftonian or Nebraskan gravels from those of 
Kansan origin. This approach has not yet been attempted here for lack of 
samples of coarse clastics of probable Nebraskan or Aftonian age. 
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Fic. 6. Contour map of the top of Kansan drift showing the topography of the 
Yarmouth interglacial surface. 


KANSAS DRIFT, 


Drift of Kansan age rests on the bedrock surface through much of the 
Champaign-Urbana area, possibly overlying older unconsolidated Aftonian 
or Nebraskan deposits in extremely scattered and restricted locations. The 
Kansan drift surface, dissected by interglacial drainage and scoured by 
Illinoian ice, is overlain partly by Yarmouth soil and partly by younger 
glacial deposits. 

Thickness and Distribution—Drill holes have not penetrated either the 
greatest or the least Kansan drift thicknesses. However, several wells exhibit 
a Kansan section about 120 feet thick and terminate far above the extrapolated 
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elevation of the bedrock surface. The Kansan drift of maximum thickness 
is believed to lie in the vicinity of the Mahomet bedrock valley. It appears 
likely that Kansan drift completely fills the deep channel of the Mahomet 
Valley and most of the Havana strath. Kansan thicknesses probably range 
from zero to a maximum of about 250 feet over the lowest bedrock elevations 
west of Champaign. 

Although available control by sample study justifies only tentative areal 
representation of Kansan distribution (Fig. 6) in general where bedrock 
surfaces are above an elevation of 500 feet Kansan deposits are not con- 
tinuous. In many places where bedrock lies above 500 feet younger Illinoian 
drift rests on the bedrock surface. Above a bedrock elevation of 550 feet 
no Kansan drift has been identified here. 

Lithology and Lithologic Distribution—Kansan drift in the Champaign- 
Urbana area ranges in its composition from unsorted, ice-laid till to clean 
glacio-fluvial clastics. Although certainly not typical of much of Kansan 
drift elsewhere in the State, the general proportion of water-bearing sand and 
gravel to low permeability till is greater in the Kansan section than in overlying 
glacial deposits. The high proportion of sand and gravel is particularly 
evident within the general confines of the Havana strath. 

The till is typically yellow-brown to gray pebbly silt, calcareous, with 
variable amounts of clay. Its distinction from Illinoian till by sample study is 
usually made by recognition of the stratigraphic sequence rather than by 
inherent differences in physical or chemical properties of the samples. 
Generally, Kansan till appears to lack the sandy characteristic of most Illinoian 
tillin this area. Stratigraphically the Kansan till generally overlies the coarse 
Kansan clastics. However, future deep drilling in the Kansan drift over 
the Havana strath may discover unknown till in the basal Kansan section. 

Coarse pre-Illinoian sand and gravel seems to lie in elongate masses 
concentrated over the low bedrock surfaces of the Havana strath west of 
Champaign. The beds range from well-sorted sand to sand and gravel and in 
lesser quantities to coarse well-sorted gravel. The long axes of these deposits 
are probably roughly parallel to the axis of the Havana strath, about south 
10°-45° west in this area. Although the Kansan sand and gravel beds repre- 
sent highly favorable groundwater aquifers, fine clastics have not been com- 
pletely removed from all zones. Therefore, a gravel section commonly ex- 
hibits a great permeability range in a single vertical record. 

The following Kansan sand and gravel thicknesses have been logged by 
sample study of Illinois Water Service Co. borings. 
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Similar and greater thicknesses of coarse Kansan clastics probably lie in 
some locations over lower bedrock elevations. However, no borings within 
30 miles of the Champaign-Urbana area have penetrated the deepest drift of the 
Mahomet channel. Although it appears likely that highly permeable sands, 
gravels (up to cobble size) lie in parts of the deepest portions of the bedrock 
valley, predictions to this effect must be made with a note of reservation. 
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Under certain glacial conditions, particularly those of ice stagnation, a bed- 
rock channel may remain ice-choked while gravel accumulation of the terrace 
type occurs on the higher surfaces. There is a distinct possibility that a large 
portion of the deep channel is occupied by unsorted till and that the gravel 
deposits are largely confined to the upper part of the channel and to the 
Havana strath. 

Aquifer Quality and Development.—High groundwater yield and con- 
tinuing productivity of the deep Kansan aquifers west of Champaign have 
resulted from a number of geological phenomena: 

1. Elongate form in a continuous bedrock valley. 

2. Relatively great aquifer thickness. 

3. Consistently high permeability along roughly horizontal planes. 

4. Vertical hydrologic contact (in restricted areas) with overlying water- 

bearing gravels of Illinoian and younger age. 

In the Kansan aquifers lie the most abundant available groundwater 
resources in the Champaign-Urbana area. Into these prolific deposits beneath 
the moraines and till plain west of Champaign recent development for munic- 
ipal supply has progressed and will no doubt continue to progress as increased 
demands necessitate. 

In addition to yield directed toward municipal use the Kansan aquifers 
afford a source of groundwater for many of the farms lying in the western 
portion of the Champaign-Urbana area. Such development, however, re- 
quires wells more than 200 feet deep in most areas. For this reason, where 
water quantity requirements are not enormous, shallower Illinoian or 
Wisconsin sands are tapped where possible. 

Mode of Aquifer Deposition—The unusually thick and extensive deposi- 
tion of Kansan sand and gravel here can undoubtedly be attributed to pro- 
glacial or subglacial drainage concentrations in the Mahomet Valley. The 
presence in some places of ice-laid Kansan till overlying water-laid clastics 
suggests (1) that the elongate sand and gravel masses in the Havana strath 
accumulated subglacially and subsequently were covered by ice-dropped drift, 
or (2) that the coarse Kansan clastics are of the valley-train type, or possibly 
terrace type, spread by torrential proglacial drainage and later mantled with 
till from a Kansan glacier reinvasion. 


YARMOUTH SURFACE AND DEPOSITS. 


The Yarmouth interglacial surface which was developed partly on Kansan 
drift and partly on the bedrock appears to have been a gently rolling upland 
with a relief of about 100 feet. This relief in the Champaign-Urbana area 
was probably weakly representative of the bedrock topography. Although 
an observer of the region during Yarmouth time could probably have detected 
the locations of the bedrock highs, he would by casual inspection have been 
quite unaware of the great Mahomet Valley, because during Yarmouth time 
its position was marked only by a shallow sag in the drift surface. 

Two areas in the vicinity of Champaign-Urbana northeast and southeast 
of the cities (Fig. 6) by reason of relatively high bedrock surface, probably 
had numerous bedrock exposures during the Yarmouth interval. The eleva- 
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tion of the Yarmouth surface on these bedrock highs was probably about 600 
feet in limited areas. The apparent lack of Kansan material on the bedrock 
elevations above 550 feet is probably due to strong erosion by the Illinoian 
ice-sheet, and to long Yarmouth denudation, which must have been especially 
pronounced on these more exposed heights. 

The existence of a depressed Yarmouth surface over the Havana strath 
may be due in part to subsidence and to compaction due to the weight of later 
ice, whereas the Yarmouth surface overlying higher bedrock would more 
adequately maintain its given elevation. 

An elongate ridge in the Yarmouth surface trends north-south through 
Champaign and Savoy. This observation is based on the sample studies which 
record a Yarmouth elevation above 550 feet and locally above 575 feet. The 
ridge is apparently of the moraine type, as it is composed of Kansan till de- 
posits. Absence of Yarmouth sample study data immediately south of Cham- 
paign precludes the possibility of describing now by this method the con- 
tinuity of this Yarmouth land form. However, the ridge may have completely 
blocked the shallow sag which in Yarmouth time overlay the west-trending 
Champaign bedrock valley. Such a phenomenon would have resulted in 
temporary damming of Yarmouth drainage at this location. A Yarmouth 
silt deposit with a thickness of 30 feet has been described by L. E. Workman, 
State Geological Survey, in University of Illinois test hole number 8, section 
18, T.19 N.,R.9 E. The lake in which the silts were deposited was probably 
a temporary feature of the Yarmouth landscape. 

Sample study reveals certain weathering characteristics of the Yarmouth 
interglacial period. Oxidation and leaching are commonly recorded, al- 
though it is not possible to assign thickness figures to weathered sections on 
the basis of five-foot samples. Yarmouth soil, like that of the Sangamon, is 
typically highly organic and dark brown. Woody structure is sometimes 
observed microscopically and less commonly megascopically. 


ILLINOIAN DRIFT. 


Intercalated between the Kansan and Wisconsin drifts and in some places 
between the bedrock and Wisconsin drift is a glacial deposit of Illinoian age. 
In the Champaign-Urbana area the IIlinoian drift was spread with remark- 
able uniformity, deeply burying in most places the irregularities of the Yar- 
mouth surface. 

Thickness—With an average of about 90 feet in this area the thickness 
of the Illinoian drift ranges from a minimum of less than 20 to a maximum of 
about 150 feet. Since the top of the Illinoian drift is a gently sloping plain 
in this portion of the state, Illinoian thickness here is controlled to a large 
part by the irregularities of the Yarmouth surface. Hence, the thinnest 
Illinoian drift lies over the high bedrock surfaces and the Kansan morainic 
ridge extending through Champaign and Savoy. The thicker Illinoian de- 
posits, averaging about 110 feet, lie over the thick Kansan deposits filling the 
Havana strath and in the Yarmouth sag over the Champaign bedrock valley. 
Some known extremes in Illinoian thickness are as follows: Mattis test hole 
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number 1-1949, Sec. 7, T.20 N., R.8 E—135 feet. University of Illinois test 
hole number 2—1944, Sec. 36, T.19 N., R.8 E.—15 feet. 

Unmapped hills and depressions in the Yarmouth horizon, particularly 
over the Havana strath, may delineate other local extremes in Illinoian thick- 
ness. In addition, Sangamon drainage development probably reduced the 
thickness of the Illinoian section in a dendritic pattern largely unmapped at 
present. 

Lithology and Lithologic Distribution—Grey to buff pebbly silty till 
composes the basal and upper portions of the Illinoian drift section throughout 
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Fic. 7. Contour map of the top of Illinoian drift showing the topography of the 
Sangamon interglacial surface. 


most of this area. Between these till sheets lies one or more remarkably 
persistent beds of coarse and partly clean sand and gravel. The middle 
Illinoian sand and gravel deposit pinches out entirely in some places. Illinois 
Water Service Company test hole number 34, section 6, T.19 N., R.9 E., shows 
a continuous section of till between the Sangamon and Yarmouth surfaces. 
However, from east Urbana west to the Mahomet area the great majority of 
deeper drift borings penetrate Illinoian sand and gravel, though not entirely 
clean. The coarse clastic beds range up to 75 feet in thickness, 
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Illinoian till is typically a sandy and gravelly buff silt which is separable 
on a textural basis in most places from the overlying Wisconsin and the undey- 
lying Kansan tills. Even more conclusive than texture in this distinction is 
color. The Illinoian lacks the pinkish hue so characteristic of the basal 
Wisconsin (Shelbyville) in central and western Champaign County. 

Aquifer Quality and Development.—The following geologic factors appear 
to limit the favorability of the Illinoian aquifers of the Champaign-Urbana 
area: (1) Continuity is greatest in an east-west direction not parallel to the 
main axis of the bedrock valley system. Except in local areas the basal 
Illinoian till effectively isolates the middle Illinoian aquifers from the Kansan 
gravels in the Havana strath. For these reasons the Illinoian aquifers appear 
to be only in limited hydraulic contact with the deep Kansan gravels in the 
Havana strath. (2) The high IIlinoian permeability evident in several test 
holes is not as extensive laterally as the pattern of sands might suggest. Com- 
plex facies changes and interfingering silt seems typical of the middle Illinoian 
sand and gravel deposits. It follows from these conditions that these aquifers 
are characterized by recharge restrictions and by generally less favorable aqui- 
fer properties. 

One of the thicker masses of middle Illinoian sand and gravel occurs in 
northwestern Urbana. The first groundwater development for municipal use 
was made in this deposit. The aquifer was subsequently pumped above its 
optimum yield. Although pumping from this Illinoian aquifer is now only 
supplementary to the yield from the deeper Kansan gravels west of Champaign, 
the Illinoian aquifer has been moderately favorable since its discovery. 

In the Champaign-Urbana area most of the farm wells of the drilled 
type penetrate Illinoian aquifers. These water-bearing formations are fully 
capable of satisfying extensive development for domestic purposes. 

Mode of Aquifer Deposition—lllinoian aquifers here are not restricted 
to a shoe-string pattern and therefore do not appear to have originated from 
confined drainage. Furthermore, the complex lithologic range in small areas 
observed in a given Illinoian aquifer suggest that the sands and gravels were 
spread as proglacial outwash along an active glacier front. Conditions of 
ice stagnation with interior drainage would probably have introduced more 
scattered, thicker deposits. 

If the Illinoian aquifers are truly outwash deposits, then it must also be 
true that Illinoian readvance postdates the gravel deposition. The record 
of this second (possibly multiple) ice invasion is the mantle of upper Illinoian 
gravelly till which nearly everywhere in this area rests on the coarse clastics 
of the middle Illinoian section. No weathered zone has been observed be- 
tween the gravels and the overlying till. 


SANGAMON SURFACE AND DEPOSITS. 


The Sangamon interglacial surface (Fig. 7), developed here in the interval 
between the Illinoian ice recession and the Tazewell ice invasion of Wisconsin 
time, has been regionally described by Horberg (5, p. 354) as a plain sloping 
gently away from the bedrock upland in McLean County. 

The average elevation of the surface in the Champaign-Urbana area is 
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about 650 feet. The 650-foot contour apparently swings northward in the 
area west of Champaign and delineates a shallow sag extending north into 
extreme southern Ford County (5, p. 354). South of the 650-foot contour, 
elevations of the Sangamon horizon are below 625 feet in many places. The 
local gradient of the surface must be much more than the average gradient of 
the Sangamon plain through central Illinois. 

The following criteria facilitate sample study recognition of the Sagamon 
surface in the Champaign-Urbana area: 
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ground surface. 


(1) Buried soil at the anticipated stratigraphic horizon. 

(2) An underlying Illinoian till evidencing chemical decay, or even 
gumbotil as in one of the Illinois Water Service test holes drilled in Dec. 1949, 
Sec. 36, T.20 N., R.7 E. 

(3) A sharp break in the distinctive physical characteristic of the basal 
Wisconsin (Shelbyville) drift. This criterion may be indicative of an 
erosional unconformity, if the true Sangamon surface was destroyed. 

Wisconsin glacial erosion in many cases has removed the zones of inter- 
glacial accumulation. Particles from these zones are commonly found in- 
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corporated in the basal Wisconsin till. Samples of these zones of reworked 
material have been provided by many borings, such as Illinois Water Service 
Co. test hole number 29-1948, Sec. 4, T.19 N., R.8 E. This test apparently 
intersected no Sangamon section, yet the extreme basal Wisconsin till con- 
tained soil and particles of leached Illinoian till. In these places the base 
of the Wisconsin drift does not represent the elevation of the Sangamon 
surface, and the true interglacial surface cannot be readily reconstructed. 
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earth resistivity of elevation 525 feet 
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Fic. 9. Electrical earth resistivity contour and water resources procurement map. 


WISCONSIN DRIFT. 


Stratigraphic Position—The Wisconsin (Tazewell) drift, the moraines 
and plains of which are geomorphic features of the present land surface, 
overlies the Sangamon interglacial surface here. Wisconsin drift in the 
Champaign-Urbana area is apparently composed of two to five stratigraphic 
units. The outcrops of these units are identifiable as moraines in and south 
of Champaign County (9, pp. 191-240; 8, p. 22). The basal drift was 
spread with remarkable uniformity here by the Shelbyville glacial lobe which 
in Illinois marked the southern extent of Wisconsin glaciation. It is overlain 
by Cerro Gordo drift of irregular thickness, associated with a later and more 
restricted Wisconsin lobate development, which lies between the Champaign- 
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Urbana area and the outer Shelbyville moraine (Fig. 8). Portions of the 
Cerro Gordo, West Ridge, Champaign, and “Urbana” ‘ moraines in order of 
decreasing age, lie in area of this investigation. There are probably locations 
northeast of Urbana where drift sheets representing the five known moraines 
lie in orderly stratigraphic sequence. It has not been practical on the basis 
of drilling-samples from five-foot intervals to identify positively each of these 
units. However, the distinction between Shelbyville and Cerro Gordo drifts 
of Wisconsin age is readily made. 

Thickness—Wisconsin drift thickness in the Champaign-Urbana area 
ranges from probably less than 30 to 150 feet, as established by the undulations 
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Fic. 10, Electrical earth resistivity map interpreted for shallow domestic 
groundwater procurement. 


of the ground surface and by the irregularities of the Sangamon surface. The 
average thickness is about 80 feet. The greatest known Wisconsin thickness 
is in the vicinity of sections 3 and 4, T.19 N., R.8 E., approximately one and 
one-half miles west of the northwest corner of the present Champaign city 
limits. This is an area of high moraine overlying a well-defined sag in the 
Sangamon horizon. Samples from the following test borings are probably 
typical of the thicker Wisconsin accumulations: Illinois Water Service Co. 

4 Although “Urbana” is the title unofficially attached to this moraine, Dr. George E. Ekblaw, 


Illinois State Geological Survey, suggested that further physiographic and subsurface investiga- 
tions may demand a more fitting name. 
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test hole number 26-1948, Sec. 3, T.19 N., R.8 T.—130 feet. Illinois Water 
Service Co. test hole number 28-1948, Sec. 4, T.19 N., R.8 E—150 feet. , 
Large areas of Wisconsin cover are less than 70 feet thick. These are 
north of the moraines northeast of the 650-foot Sangamon contour (Fig. 7). 
Apart from this occurrence, an area restricted to the Sangamon Valley south- 
east of Mahomet has less than 30 feet of Tazewell drift. Although no Illinoian 
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Fic. 11. Index map showing the trace of correlative geologic and 
electrical earth resistivity cross sections. 


outcrops have been observed, it appears possible that the Wisconsin drift has 
been entirely eroded in some spots, perhaps along Salt Fork and West Branch 
Creeks northeast of Urbana and along the Sangamon River. 

Physical Characteristics and Lithologic Distribution—Below the zones of 
oxidation observed on the intra-Wisconsin drifts the tills are largely a grey- 
buff clayey silt with varying amounts of sand. A pinkish-brown color 
strongly characterizes the Shelbyville (basal Wisconsin) and is found else- 
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where stratigraphically only in the upper Illinoian. Supported by related 
data the pink color of the Shelbyville drift is a key horizon marker in the 
Pleistocene succession in the Champaign-Urbana area.® 

Sand and gravel aquifers in the Tazewell drift in this vicinity are thin, 
lenticular, and scattered. To a large degree they are individually isolated 
by relatively impermeable till masses. Neither the absence of coarse clastics 
nor their abundance characterizes any-one of the Wisconsin drift mantles, 
although the Shelbyville drift appears on the basis of present information to 
exhibit fewer aquifers than the overlying drifts. The Wisconsin sand and 
gravel lenses range up to several thousand feet in horizontal dimension. One 
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Fic. 12. Correlative geologic and electrical earth resistivity cross sections; 
south-north. 


of the most extensive Wisconsin sand deposits lies superficial to the drift, 
along the valley of the Sangamon north and south of Mahomet, and has been 
developed commercially. This valley train deposit appears to be associated 
with thin, widespread and somewhat intermittent outwash which lies between 
the Sangamon and the Kaskaskia Rivers. 

Aquifer Quality and Development.—By virtue of their isolation and lack 
of continuity the Wisconsin aquifers of the Champaign-Urbana area are not 
considered major sources of groundwater. Though permeabilities are in 
places known to be high, the till barriers to adequate groundwater recharge 


5 Northwest of Champaign County it is the younger Bloomington moraine which has the pink 
color so characteristic of the basal Wisconsin here. 
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appear to limit productive capacity in terms of municipal demands. Never- 
theless, scores of highly satisfactory drilled wells on the farms of the Cham- 
paign-Urbana area terminate in Wisconsin sands. Many Wisconsin sands, 
some outlined by recent electrical earth resistivity surveying by the State 
Geological Survey, have never been drilled (Fig. 10). 

Mode of Deposition of Aquifer Deposits—Wisconsin sand and gravel 
concentrations in this area appear to fall into two classifications according to 
origin : 
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1. The sands that occur apparently at random within the Wisconsin drift 
may have originated from equally random fluvial activity with each glacial lobe. 
Under this group are included those sands, mostly small and lenticular, which 
occur within such stratigraphic units as the Shelbyville or Cerro Gordo drifts. 

2. The sand and gravel accumulations associated with the Champaign 
glaciation are outstanding among the outwash type deposits of Wisconsin age. 
These deposits include the outwash veneer of silt and coarse clastics between 
the Sangamon and the Kaskaskia Rivers and the valley-train type concentra- 
tions restricted to the Sangamon Valley. 
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POST-GLACIAL DISSECTION. 


Neither advanced headward erosion nor strong down-cutting characterizes 
the post-glacial history of the Champaign-Urbana area. More than 95 percent 
of the ground surface may be classified as undissected upland. This condition 
is in sharp contrast with broad areas immediately south of the Shelbyviile 
moraine (65 miles south-southwest of Champaign), where the Illinoian drift 
retains less than 60 percent of its origina! upland surface. 
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geological control; west-east. 


The direct topographic influence on groundwater in the Champaign- 
Urbana area is as follows: 

(a) Relatively slow surface run-off, permitting near-maximum penetra- 
tion to the water table commensurate with drift permeability and evaporation 
factors. 

(b) Glacial aquifers not subject to drainage by seepage along valley walls, 
with the exception of the Wisconsin valley-train deposits along the Sangamon 
River. 
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LOCAL AREAS OF RECHARGE OF DEEP AQUIFERS. 


Because the deep beds of permeable sand and gravel in the Champaig'h- 
Urbana area are relatively flat-lying, the percolation of groundwater in re- 
sponse to pressure differential in these aquifers is probably principally along 
nearly horizontal planes. The horizontal interconnections of the Kansan 
aquifers over the low bedrock elevations of the buried Mahomet Valley may 
extend for many tens of miles. There is, however, considerable opportunity 
for surface recharge of these deep aquifers. Ina few places there appears to be 
direct connection with the ground surface, where more or less chance deposi- 
tion has placed permeable Illinoian and Wisconsin beds over the Kansan 
gravels. There must be still more places where percolation from the surface 
can reach the Kansan aquifers in step-like fashion, by-passing local deposits 
of impermeable till. 

One area near Champaign-Urbana is believed on the basis of reliable 
samples to exhibit a continuous vertical section of sand and gravel from ground 
surface to the bedrock. This is located in the vicinity of the NW.4 NW.%4 
NW.\, section 4, T.19 N., R.8 E. A log of Illinois Water Service Co. test 
hole C-2 1946 at the above location follows: 


Sample Study by C. L. Horberg 


Material Thickness Depth 
Pleistocene series 


Wisconsin drift 


Soil, dark brown, non-calcareous, and sand, yellow, medium, silty 15 15 
Sand, yellow, medium-coarse, silty, oxidized 5 20 
Sand, yellow, medium-coarse, silty 55 75 
Sand, yellow, coarse, silty : 30 105 
Illinoian and Kansan drift 
Gravel, yellow, coarse granular, oxidized 10 115 
Sand, yellow, medium, silty, some gravel 25 140 
Gravel, yellow, coarse granular, silty, some sand 25 165 
Sand, yellow, medium, gravelly, trace of humus 40 205 
Gravel, gray, coarse, varied lithology, silty below 55 260 
Gravel, yellow, very coarse, clean, some sand 40 300 
Pennsylvanian system 
Shale, gray, weak, some silt, calcareous 1 301 T.D. 


In addition to the area near the common corner of sections 32 and 33, 
T.20 N., R.8 E. and sections 4 and 5, T.19 N., R.8 E., there may be other 
locations in the vicinity of Champaign-Urbana with a strong tendency toward 
percolation downward through the drift. These locations may be observed by 
comparison of Figures 9 and 10. 

North of the Champaign-Urbana area a farm test hole drilled in January 
1949, near the center of the NW.14, section 23, T.21 N., R.7 E., showed a con- 
tinuous sand and gravel section to the bedrock surface at a depth of 299 feet. 
This boring probably penetrated bedrock on the west flank of the Mahomet 
Valley. 
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SUM MARY, 


Detailed geological and geophysical studies of the glacial drift have greatly 
extended the proved resources of groundwater available to the municipalities, 
industries, and farms of the Champaign-Urbana area. Geophysical methods 
used for these and similar studies throughout Illinois include electrical earth 
resistivity surveys on the ground surface and electric logs of bore holes. 
Geological methods included surface observations, subsurface studies of drill 
cuttings of nearly 100 drift borings, and sieve analyses of water-bearing 
formations. 

Residents and industries of the Champaign-Urbana area have not always 
found themselves in favorable prospect for ample water. Due to the vastly 
increased war and post-war demand for groundwater and to hydrologic limita- 
tions of an old and highly developed well field in north Urbana, an alarming 
situation arose in 1945. The contour mapping of the bedrock surface of 
Illinois and the subsequent delineation of a major bedrock valley—the Mahomet 
or Lower Teays Valley—led to the discovery and exploitation of extensive 
water-bearing gravels west of Champaign. 

Where reliable subsurface samples are available, stratigraphic glacial units 
of Kansan, Illinoian, and Wisconsin age, together with their pre-glacial, inter- 
glacial, and interstadial unconformities, are recognizable throughout a large 
portion of the Champaign-Urbana area. Kansan drift resting in the bedrock 
valleys and on the bench surfaces contains thick and widespread aquifers of 
great potential groundwater development. The overlying Illinoian drift ex- 
hibits favorable aquifers at many places, including the area of the old north 
Urbana well field. Due largely to unfavorable recharge conditions, these de- 
posits are less favorable than the deeper Kansan gravels for concentrated 
groundwater development. Sands occurring in the relatively shallow Wis- 
consin drift are generally thin and scattered. Together with the underlying 
Illinoian aquifers they are well suited in many locations as sources of domestic 
groundwater. 


CONCLUSIONS AND RECOMMENDATIONS.® 


Municipal Groundwater Supplies (Fig. 9).—1. The most extensive de- 
posits of glacial sand and gravel lie over the relatively low bedrock surfaces 
west and northwest of Champaign. 

2. The numerous concentrations of probable and proved water-bearing 
sand and gravel beds lying north, east, and south of Champaign-Urbana do not 
appear to be large enough to support a continually expanding well-field develop- 
ment. 

3. Sand and gravel beds in drift of Kansan age, now yielding groundwater 
to Illinois Water Service Company wells near the north boundary of sections 
3, 4, 5, T.19 N., R.8 E. may warrant additional well construction. 

4. The 1949 test borings by the Illinois Water Service Company on the 
north boundary of section 1, T.19 N., R.7 E. have proved the existence of 


6 For geographic locations of sites described in terms of Section, Township and Range see 
Fig. 9. 
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highly favorable Kansan sand and gravel beds in that area. These sands were 
earlier classified as “probable” on the basis of continuing geological and geo- 
physical studies by the Illinois Geological Survey. These deposits definitely 
warrant well construction when groundwater demand requires it. 

5. An extensive Kansan deposit of sand and gravel appears to lie in north- 
south orientation largely in the west portion of section 1, the east portion of 
section 2, T.19 N., R.7 E., the west portion of section 36, the east portion of 
section 35, and in section 23, T.20 N., R.7 E. This deposit is yet untested. 
The area appears to offer vast potential development. 

6. It is doubtful that additional Kansan aquifers west of section 2, T.19 N., 
R.7 E. need be considered for Champaign-Urbana groundwater supply in the 
foreseeable future. 

Industrial Groundwater Supplies (Fig. 9).—1. Numerous glacial sand 
and gravel concentrations in the Champaign-Urbana area appear worthy of 
consideration as sources of major industrial groundwater. Some of these 
concentrations are proved and are either now yielding groundwater or have 
been test drilled. Other concentrations probably exist, as suggested by elec- 
trical earth resistivity data. 

2. Sand and gravel deposits particularly worthy of possible future in- 
vestigation as sources of industrial groundwater lie principally in the following 
areas: 

(a) Sec. 3, T. 19 N.,R.9 E. 

(b) Sec. 27, Sec. 28, T.19 N., R.9 E. 

(c) Sec. 25, T.19 N., R.8 E; Sec. 30, Sec. 31, T.19 N., R.9 E. 

(d) Sec. 8, Sec. 17, T.18 N., R.O E. 

(e) Sec. 15, Sec. 16, T.19 N., R.8 E. 

(f{) Numerous areas, partly unexplored, in T.20 N., R.7 E. and in the 

north portion of T.19 N., R.7 E. 7 

3. Drilling for industrial groundwater in the Champaign-Urbana area 
should be preceded by joint conference with the State Geological Survey and 
the State Water Survey in order to consider all the geological, chemical, and 
hydrologic factors. 

Domestic Groundwater Supplies (Fig. 10).—1. Glacial sands of sufficient 
thickness and extent to yield groundwater for domestic demand are abundant 
in the Champaign-Urbana area. 

2. Shallowness of water-bearing drift deposits is especially important in 
domestic groundwater problems. Figure 10 indicates those electrical earth 
resistivity stations whose values suggest glacial sand formations shallower than 
150 feet and apparently worthy of testing for domestic groundwater supply. 

3. In many areas water-bearing deposits do not occur in the shallow 
portion of the drift. Test drilling in such locations should in most instances 
be extended to the bedrock surface in order to explore the entire thickness of 
the unconsolidated mantle. 


ILtLt1no1s STATE GEOLOGICAL SURVEY, 
Ursana, ILLINOIS, 
Jan. 13, 1951. 
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STRUCTURAL CONTROL OF SOME GOLD-BASE METAL VEINS 
IN EASTERN GRANT COUNTY, OREGON.’ 


RHESA M. ALLEN, JR. 


ABSTRACT. 


The gold-base metal deposits of the Greenhorn Mountain area of north- 
eastern Grant County, Oregon are contained in Carboniferous argillites 
and greenstones, Jurassic (?) gabbro and ultramafics, late Jurassic or early 
Cretaceous biotite-quartz diorite, and early Tertiary (?) porphyritic and 
granophyric dikes. A fracture pattern consisting of west-northwest trend- 
ing strike-slip faults and east-northeast striking reverse faults cuts all of 
the above mentioned rock with the exception of the dikes. 

All veins and lodes are associated with dikes that occupy the zones of 
high-angle reverse faulting. They are most common and attain their great- 
est development as “footwall” veins, and ore shoots occur along local flat- 
tenings of the dip of the fault surface. Additional ore shoots are associated 
with minor gash fractures that branch off the reverse faults. 


INTRODUCTION, 


Tue old Greenhorn mining district and its westward extension into the Susan- 
ville mining district is in northeastern Grant County in the very heart of the 
Blue Mountains of eastern Oregon, close to the headwaters of the Middle Fork 
of the John Day River (Fig. 1). It is included in parts of Tps. 9, 10, and 11 S., 
Rs. 33, 34, and 35 E. Willamette Meridian. -The district is about 50 miles by 
U. S. Highway 28 from Canyon City, county seat of Baker County. The de- 
posits of the district may be classed as gold-base metal veins and lodes. Gold 
has been the only metal mined commercially to date, although many of the de- 
posits contain small amounts of lead, copper, zinc, and silver. 

Prospecting in this general region began in 1862 with the discovery of yold 
near Auburn, a now deserted camp west of Baker. The early miners gave their 
immediate attention to the rich placers. Quartz claims were located in the 
Sumpter area, east of the Greenhorn district, during the period 1866-1880, 
with the peak of gold-quartz mining in the Greenhorn area reached during the 
period 1895-1910. From 1915 to 1940 mining has been desultory, with an 
occasional rich strike. As legislation during the last war dealt a serious blow 
to the mining of gold, there has been little mining activity in the area in recent 
years. Since 1946 work has been resumed at some of the operations, but inso- 
far as is known, no shipments have been made. 

Production figures are absent or sketchy for individual districts of the Blue 
Mountain region. Lindgren * has given a figure of $3,258,197 for the produc- 


1 Presented at the New York Meeting of the A. I. M. E., February, 1950. Published by per- 
mission of the Director, State Department of Geology and Mineral Industries, Oregon. 

2 Lindgren, Waldemar, The gold belt of the Blue Mountains of Oregon: U. S. Geol. Survey 
22nd Ann. Rpt., pt. 2, pp. 551-776, 1901. 
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tion of gold and silver from both lode and placers in Grant County during the 
period 1880-1899. Gilluly * listed gold and silver, lode and placer, production 
in Grant County for the period 1903-1928 at $2,700,000. Figures available 
for the 1941 shipment from the Morning Mine, one of the consistent operations 
in the district, show 171.3 ounces of gold and 577 ounces of silver for some 112 
tons of concentrate from about 350 tons of ore. 


GEOLOGIC FEATURES.* 


The rocks of the district may be divided into two groups—(a) pre-Tertiary 
and (b) Tertiary and Quaternary. The pre-Tertiary group consists of Pale- 
ozoic volcano-sedimentary rocks, mainly meta-argillites and greenstones, which 
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Fic. 1. Index map showing the location of the Greenhorn District, Oregon. 


are intruded by Mesozoic ultramafics (including serpentine bodies), biotite- 
quartz diorite, and by porphyritic dikes of a probable early Tertiary age. The 
Tertiary rocks are dominantly volcanic and consist of a lower group of ande- 
sitic tuff-breccia and rhyolitic flows and tuffs, and an upper group of basaltic 
and andesitic flows with intercalated sedimentary (lake bed) strata (Fig. 2). 
The lower group of Tertiary rocks were erupted on a surface of considerable 

8 Gilluly, James, Reed, J. C., and Park, C. F., Jr., Some mining districts of Eastern Oregon: 
U. S. Geol. Survey Bull. 847—A, p. 25, 1933. 


4 Allen, Rhesa M., Jr., Geology and mineralization of the Morning Mine and adjacent region, 
Grant County, Oregon: Oregon Dept. Geol. and Mineral Industries Bull. 39, 1948. 








‘CO ‘DIY 


wes * <€ z ' ' 
31v9s 


“09 ANVHS ‘LOIMLSIC NUOHN33U9 3HL 40 





, > 
J y Af / P > 


sixv 

Wei tou as 
eg 
Ss 
~~ 
Sixnv 

Weis, 


\Y 


+ 


™\, 


hs 


eB WHOD 








> 
\. 


N, Jk 


~ 
Lal 
S 
i 


SA M. 


‘ 


RHE 


OnINAHOID 

















STRUCTURAL CONTROL OF SOME GOLD-BASE METAL VEINS. 401 


local relief. These early flows and tuffs were somewhat eroded before burial 
beneath flows of olivine and non-olivine basalt and andesite. These later flows 
obstructed the drainage, causing local accumulations of fluviatile and lacustrine 
deposits. Pleistocene sediments include morainal till and outwash both in 
stream valleys. 

The pre-Tertiary structural features consist of closely compressed folds that 
trend generally west. Pervasive shearing adds to the structural complexity of 
these rocks. The age of the deformation largely responsible for the intense 
folding and shearing is thought to be late Jurassic (Sierra Nevadian) although 
Thayer ° has evidence in the Aldrich Mountains to the southwest that supports 
a late Triassic disturbance. The biotite-quartz diorite, intruded at the close 
of the disturbance, is cut by a west-northwest trending shear zone which is 
thought to be the result of stresses associated with the Laramide orogeny of 
late Cretaceous time. 

The components of the shear zone are a west-northwest trending strike-slip 
fault, several smaller northwest strike-slip faults, north-northeast high-angle 
reverse faults, and a few northeast high-angle normal faults. Along the major 
strike fault and the smaller northwest strike-slip faults, the southwest side has 
always moved relatively in a southeasterly direction and the fault surfaces dip 
from 60 to 90 degrees to the northeast. Throws along these faults are about 
100 feet, with horizontal displacements of from 200 to 300 feet. 

The high-angle reverse faults of north-northeast trend are confined to the 
southwest margin of the shear zone. These faults can be traced for some 2,000 
to 3,000 feet and dip northwest at variable but generally steep angles. 

The northeast high-angle normal faults occur along margins of the main 
shear zone. These faults may be traced for several hundred feet and have dis- 
placements of 10 to 25 feet. 

The fractures resulting from the late Cretaceous disturbance are filled with 
dikes of quartz diorite porphyry, quartz monzonite porphyry, and granophyre. 
The dikes of greatest length and thickness are associated with the reverse faults. 

Tertiary structural features include broad, open warps of west-northwest 
trend which are broken by normal faults of northeast strike and steep southeast 
dip. The deformation has involved the basalts and intercalated lacustrine beds 
and probably occurred in the late Tertiary and possibly early Quaternary time. 
The present relief of the area is in a large measure the result of this folding and 
faulting. Glaciation and erosion have only slightly modified the late Tertiary 
topography. 

ORE DEPOSITS. 


The gold-base metal veins and lodes of the district are chiefly fissure fillings ; 
a few are combined fissure fillings and replacements. The veins and lodes are 
located within a broad, east-west trending zone that extends from Susanville 
eastward through Greenhorn. They occur in the pre-Tertiary rocks, almost 
always within or alongside early (?) Tertiary dikes. The veins near the heads 
of Granite Boulder Creek and the East Fork of Clear Creek are in the biotite- 
quartz diorite as are a few in the Salmon Creek valley, Elsewhere the veins 


5 Thayer, T. P., Personal communication. 
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and lodes are in argillite and greenstone or in serpentinized ultramafics. In all 
cases the distribution of the veins and lodes has apparently been controlled by 
the structure and not by the character of the rock. i 

The veins and lodes are confined to the same zone of structural weakness 
as the early (?) Tertiary dikes. They are most common and attain their great- 
est development on the underside of the dikes, forming what may be called 
“footwall” veins. A few lie above the dikes and might well be called “hanging 
wall” veins. Associated with the reverse faults which directed the intrusion of 
the dikes, and later the upward flow of mineralizing solutions, are minor gash 
fractures which also contain ore. A few veins and lodes are along strike-slip 
faults and some are along minor bedding plane slips and associated with frac- 
ture cleavage. 

The veins occupying the high-angle reverse faults generally trend about N 
30-40° E., and dip steeply northwest. There is, however, considerable varia- 
tion in the strike and dip of individual veins and lodes; deviations of strike 
may amount to as much as 20 degrees, and of dip as much as 50 degrees. Veins 
in Morris Basin, occupying gash fractures along the footwall of a porphyry 
dike, strike N 10-15° E. 

The deposits contain both primary and secondary minerals, but those of 
secondary origin are of little consequence. The primary minerals are appar- 
ently the product of two stages of mineral deposition. Those of the first stage 
are quartz, pyrite, arsenopyrite, pyrrhotite, sphalerite, chalcopyrite, and tetra- 
hedrite deposited in that order. Following a period of fracturing and breccia- 
tion, the minerals of the second stage were deposited in sequence, namely: 
quartz, pyrite, arsenopyrite, sphalerite, chalcopyrite, tetrahedrite, galena, spec- 
ular hematite, gold, and calcite. The distribution of the gold is erratic; it ac- 
companied the second stage of quartz, mostly as microscopic grains in the 
younger pyrite, and is visible as free grains in the oxidized ore. 

Distribution of the minerals, particularly with reference to the porphyry 
dikes, suggests mineral zoning. Arsenopyrite is most abundant in the veins 
associated with the cluster of quartz-diorite porphyry dikes in and near the 
biotite-quartz diorite batholith and becomes less abundant outward therefrom. 
Galena, on the other hand, is more abundant at a greater distance from this 
area and is commonly found with the potash-rich dikes; a relation which sug- 
gests that the local area of quartz-diorite porphyry dikes represents a thermal 
center with temperatures declining outward. 

As the gold was introduced with the second generation of solutions, it is 
invariably found with the younger quartz and associated sulphides. Only the 
veins, and parts of veins, that contain the second generation minerals carry 
ore, and the quantity of ore depends entirely on the extent of mineralization. 
Favorable sites for mineralization were created by repeated movement and 
brecciation of older vein material, which maintained open channelways and 
permitted unobstructed upward movement of solutions. Little or no ore, only 
early vein quartz and sulphides, is held by those veins which are not reopened 
and brecciated by recurrent fault movement. The ore occurs as small lenticular 
masses distributed erratically within the tabular veins of early quartz, although 
locally the lenses of late quartz and its associated sulphides may make up as 
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much as 60 percent of the vein filling. The greatest concentration of second- 
stage minerals is in veins along the footwalls of the dikes and, therefore, these 
veins have been most productive. The veins along the hanging walls contain 
mainly first-stage quartz and sulphides, as they were only slightly brecciated 
by intramineralization movements, and consequently only slightly enriched by 
second-stage minerals. 

Inasmuch as the veins are chiefly fissure fillings, the ore is restricted to 
favorable rock openings. In the case of the high-angle reverse faults, the open- 
ings depend on local flattening of dip and minor changes in strike. Along the 
less steep parts of the fault surface, the upward movement of the hanging wall 
has separated the walls and hence created openings favorable for the circulation 
of the mineralizing solutions and for the deposition of ore. Along the steeper 
parts of the fault, the walls have been forced tightly together by reverse move- 
ment, leaving no space for ore filling. As the greater accumulations of ore are 
along the underside of the dikes, it would seem that recurrent fracturing took 
place between the porphyry dikes and the footwall blocks, with the dike ma- 
terial remaining frozen to the hanging wall block. 

The fillings of second-stage minerals, which constitute the ore shoots, gen- 
erally form irregular pods or masses that may be traced along the footwall of 
the fault as long as the fault maintains its local flattening. Generally these 
shoots are small, seldom more than a few tens of feet long and a few feet wide, 
although in the Morning Mine the main ore shoot is about 160 feet long and 5 
feet wide, and a shoot in the upper workings was stoped 90 feet to a height 
of 10 feet. 

In addition to the ore shoots contained along local flattenings of the reverse 
faults, pockets of ore are contained in gash fractures, associated with these 
faults, that extend from the footwall veins upward and laterally into the over- 
lying porphyritic dike. Gash fractures were not seen in the argillite or ser- 
pentine that generally comprises the footwall block, indicating that fracturing 
of this nature was limited to the more brittle porphyry. The extent of vein 
filling in the gash fractures is not great, rarely extending more than 15 feet 
from the footwall vein. However, intramineralization movement must have 
also affected these openings as several rich pockets of gold-bearing, second- 
stage quartz have been encountered with the gash fractures. In Morris basin, 
small bodies of ore are also found in similar gash fractures associated with the 
major west-northwest shear zone. 

The nature of the country rock apparently had little control in localizing 
ore shoots with the exception of the restriction of the gash fractures to the rela- 
tively more brittle rock of the porphyry dikes. Minor variations in trend and 
dip of faults were noted in passing from one type of rock to another, but the 
changes were not of sufficient magnitude to influence ore deposition. Favor- 
able guiding structures and the quantity of ore carried and deposited by the 
mineral-bearing solutions seem to have been the factors controlling the local- 
ization and size of the ore shoots. 


DEPARTMENT OF GEOLOGY, 
VIRGINIA POLYTECHNIC INSTITUTE, 
BLACKSBURG, VA., 
Dec. 14, 1950. 











THE FORMATION OF LATE MAGMATIC OXIDE ORES. 
ALAN M. BATEMAN. 


ABSTRACT. 


In basic magmas the oxides of iron and titanium and in part of chro- 
mium, along with volatiles, become enriched in the residual magma, and 
are the last, or among the last, minerals to crystallize. This heavy residual 
liquid trickles down through the interstices of early crystallized silicates 
to form a late gravitative liquid accumulation, which rests upon a floor of 
early crystallized silicates. The down trickling heavy residual liquid 
makes room for itself by causing plagioclase crystals to float upward, bend- 
ing and jostling some of them, to form overlying anorthosite. The residual 
liquid accumulation undergoes purification by eliminating the remaining 
silicate constituents ; the degree of this purification determines the richness 
of the resulting ore deposit. If the residual liquid accumulation crystal- 
lizes under quiescent conditions a concordant or stratiform deposit results, 
e.g., Bushveld titanomagnetite layers. If pressure is exerted before final 
consolidation, the mobile residual liquid accumulation is squirted elsewhere, 
either along the structure of the host rock or transgressing structure, to 
form late magmatic injections somewhat similar to, but differing from, 
filter pressing, e.g., Kiruna and Taberg, Sweden, Adirondacks, Allard 
Lake, Quebec, platinum pipes of South Africa. Residual liquid accumula- 
tion accounts for many purified magnetite and ilmenite deposits, and some 
chrome deposits, that lie concordantly within the parent rocks where evi- 
dence of squeezing is lacking, and for many late magmatic injected deposits. 


. 


INTRODUCTION, 


THE origin of magmatic deposits of the metallic oxides, once thought to be so 
simple, has developed in complexity as knowledge regarding them has in- 
creased. The earlier concept of segregations of magnetite, ilmenite, and chro- 
mite by early crystallization of these oxides and sinking of the heavy crystals 
within a basic magma, carried simplicity and petrologic analogy. This concept 
appeared to explain the occurrences of segregations of oxides within masses of 
basic igneous rocks and to account for the stratiform arrangement of layers 
of titanomagnetite such as those of the Bushveld Igneous Complex of South 
Africa, and other places. Moreover, this concept found support in petrologic 
studies of basic sills such as that of the Palisades and other classical examples, 
where early-formed heavy crystals of silicates have been found to be more 
concentrated near the base of the sills. This idea underlay the widespread 
acceptance of magmatic differentiation by fractional crystallization so ardently 
advocated by N. L. Bowen and others. If concentrations of heavy ferromag- 
nesian silicates are formed in the lower portions of intrusives then why not also 
similar concentrations of iron and titanium oxides? Such an idea prevailed 
until the realization that iron oxide crystals, instead of having crystallized 
early, actually crystallized later than the accompanying silicate minerals. In- 
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contestible field and microscopic evidence has gradually accumulated from 
magnetite and ilmenite deposits, and from petrographic studies of basic igneous 
rocks the world over, that these oxides have crystallized later than the adjacent 
rock silicates. Some of this evidence has been referred to and summarized 
by the writer elsewhere,’ and more has accumulated since. Thus, regardless 
for the moment of the reason why, the factual evidence is that in a crystallizing 
basic magma the calcic feldspars and ferromagnesian silicates crystallized first 
and iron and titanium oxides with perhaps some pyroxene crystallized later. 
The residual magma thus must have become progressively enriched in iron 
and titanium oxides. 

This realization of late crystallization of iron and titanium oxides rudely 
shattered the simple concept of oxide concentration by the settling out of early- 
formed oxide crystals. It forced the necessity of considering that some mag- 
matic deposits must have been formed during the late stages of magma con- 
solidation, whereas others, such as certain chromite deposits, became aggre- 
gated by early crystallization of chromite crystals and their settling out of the 
magma to form early magmatic deposits. 

The full realization of late magmatic processes, as well as early ones, re- 
moves many of the stumbling blocks that formerly seemed inexplicable to some 
investigators in accepting a magmatic origin for deposits of magnetite and 
ilmenite. However, acceptance of a late magmatic origin for some oxides 
deposits offers certain difficulties in accounting for the concentration of such 
oxides into economic ore bodies. 

As crystallization of a basic magma proceeds there will be a mesh of touch- 
ing silicate crystals and interstitial liquid. The liquid portion, meanwhile, will 
be growing richer and richer in excess iron and titanium. Should freezing 
occur at this stage the result would be a basic igneous rock with interstitial 
grains of magnetite or ilmenite or both, but no ore deposit would result. The 
basic sills of New England and New Jersey, for example, contain from 2 to 10 
percent of interstitial iron ores. Some process of concentration is necessary 
to bring together the disseminated drops of iron- and titanium-rich liquid in 
order to form a body of sufficient size to constitute an ore deposit of these 
oxides. Filter pressing has been called upon by Osborne * and others to ac- 
count for certain of the titaniferous magnetite deposits of the Adirondack re- 
gion. This envisages the squeezing of the mesh of silicate crystals and press- 
ing out the iron-rich residue, like water out of a sponge. The droplets of 
residual magma may thus be brought together and injected into other parts 
of the parent body or even outside of it. Osborne * pointed out, however, that 
filter pressing could not account for many of those titaniferous magnetite bodies 
that lie within the intrusives concordant with the igneous structure. Balk * 
has suggested that if a partially crystallized moving magma enters a constric- 

1 Bateman, Alan M., Magmas and ores: Econ. Geot., vol. 37, pp. 1-15, 1942. Economic 
Mineral Deposits, 2nd Edit., Chapter 5-1, John Wiley & Sons, Inc., New York, 1950. 

2 Osborne, F. F., Certain titaniferous magnetite deposits and their origin: Econ. Grot., vol. 
23, pp. 724-761, 895-922, 1928. 

8 Osborne, F. F., Idem, p. 904. 


4 Balk, Robert, Structural survey of the Adirondack anorthosite: Jour. Geology, vol. 38, pp. 
289-302, 1930. 
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tion, the floating silicate crystals may become entangled by friction with the 
walls of the magma chamber, coagulate and form growing clusters through 
which the residual liquid will drain like the water that flows through a log jam 
in a river. 

A striking and essential difference between early and late magmatic proc- 
esses is that the early deposits have accumulated by early crystal settling and, 
therefore, must lie within the parent igneous body at the place of settling, and 
since the constituents accumulate as solids there is no mobility of the ore con- 
stituents after accumulation. In contrast, in late magmatic deposits, accumu- 
lation is through mobility and the deposit may lie snugly and conformably 
within its host rock, or cut across its internal structures or penetrate and in- 
trude other rocks in disrupting fashion. Transgressive ore bodies have thus 
been accounted for by filter pressing, but concordant magnetite or ilmenite 
bodies, and stratiform titaniferous magnetite layers such as those of the Bush- 
veld Igneous Complex, are not explained by filter pressing. They have re- 
mained an enigma. To account for such types of magnetite and ilmenite 
bodies, and injection bodies as well, I shall attempt to develop an alternative 
late magmatic hypothesis, namely, late gravitative liquid accumulation. This 
will be followed by a brief discussion of a few field examples to see if they 
support the idea of late gravitative liquid accumulation. 


DIFFERENTIATION OF A BASIC MAGMA. 


Let us review briefly what seems to have happened when a basic magma, 
perhaps with a higher than normal content of iron or titanium, undergoes 
crystallization. 

Initial*crystallization will form a chill zone against the cooler chamber 
walls and in the rest of the liquid body the early-formed crystals will be calcic 
feldspars and ferromagnesian minerals. Of these, olivine and early-formed 
pyroxene would tend to sink in the liquid since their specific gravity would be 
greater than that of the enclosing liquid. The calcic feldspars would tend to 
remain suspended in the liquid or float upward. As crystallization slowly 
proceeds there would be a mush of crystals and liquid. With continued crystal 
growth the crystals would touch and the interstices would be occupied by re- 
sidual liquid. The liquid portion, meanwhile, will be growing richer and 
richer in iron and titanium. If freezing should occur at this stage the result 
would be a granular basic igneous rock with interstitial oxides of iron and 
titanium. As mentioned earlier a great many basic igneous rocks do disclose 
just such interstitial magnetite and ilmenite that were the last or almost the 
last minerals to crystallize. In fact, in every basic igneous rock carrying some 
magnetite and/or ilmenite that the author has examined or read about, the 
iron and titanium oxides were the last or among the last minerals to crystallize. 

However, during the stage of a meshwork of silicate crystals with inter- 
stitial residual liquid enriched in iron and titanium, other possibilities may 
happen. With progressive crystallization and enrichment of the residual 
liquid, its density would come to exceed that of the silicate crystals and its 
composition might reach the point of being chiefly oxides of iron and titanium. 
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The liquid would also be a heavy one. At this stage three possibilities may 
occur: (1) Final freezing may occur to yield a basic igneous rock with inter- 
stitial oxides, as mentioned above; (2) the residual liquid may be filter pressed 
out of the crystal mesh and be injected elsewhere; or (3) the enriched residual 
liquid may drain downward through the crystal interstices and collect below 
to form a gravitative liquid accumulation. 

The filter pressing has been discussed by Osborne and others as applied 
to injected magnetite deposits and will not be considered further here. The 


third possibility, gravitative liquid accumulation, will now be considered in 
more detail. 


LATE GRAVITATIVE LIQUID ACCUMULATION. 


In the later stages of crystallization of a basic magma with a mesh of touch- 
ing plagioclase crystals the iron- and/or titanium-rich heavy mobile residual 
liquid would tend to trickle downward through the interstices of the plagioclase 
crystals and collect on a lower solid chill zone and olivine-rich layer. This is 
shown in highly idealized diagrammatic form in Figure 1. To make room for 
itself, however, the heavy residual liquid would have to displace and float up 
the lighter silicate crystals, which gradually would be pushed upward toward 
the upper part of the magma chamber. The process might be likened to pour- 
ing mercury into a container filled with mica sheet ; the mercury would sink to 
the bottom and the flat mica would ride up horizontally on top of it. This 
upward displacement of the silicate crystals would tend to jostle them, break 
touching ones apart, bend them, or bruise their edges. These upward floated 
crystals would form anorthosite. Bent, strained, or partially crushed plagi- 
oclase crystals are just what one finds in many anorthosites. In this manner 
the heavy residual liquid rich in oxides of iron and titanium would accumulate 
on a solid floor of which the lower part would be the chill zone and the upper 
part would be an olivine-rich rock or pyroxenite. Thus, the liquid would 
accumulate within the parent igneous body and be concordant with the internal 
structure of the intrusive, as is indicated in Figure 1, 4. 

The proportion of silicate constituents to metallic oxides in this residual 
liquid accumulation would determine, upon final consolidation, the grade of 
the resulting deposit. If the silicate constituents were high, the ore would be 
low grade; if the proportion of metallic oxides were high, the ore might be 
high grade. There is no reason to suppose that the fluidity of the heavy re- 
sidual liquid might not also be high. It is probable also that during the slow 
solidification of this residual liquid some further enrichment in the metal oxides 
would take place by elimination through crystallization of some or even all of 
the late silicate constituents. These, likewise, would tend to float toward the 
top of the residual liquid layer (Fig. 1, 4). Such purification would proceed 
all during the final consolidation of the residual liquid and if the loss of heat 
were low, causing slow final consolidation, the elimination of silicate constitu- 
ents might be almost complete and high-grade ore would be the end result. If 
little purification took place the resulting rock would be a gabbro containing 
disseminated ore, as in the case of the low-grade disseminated ore body of the 
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MacIntyre mine at Lake Sanford, New York, which carries about 35 percent 
oxides of iron and titanium. Another ore body contains about 62 percent 
combined oxides, and a smaller body contains up to 75 percent oxides. These 
may be considered to represent different stages of purification. 

Concordant or Stratiform Deposits ——Since, under the concept of late gravi- 
tative liquid accumulation outlined above, the heavy residual liquid would come 
to rest on an already consolidated floor, it would lie conformably with the grain 
structure of the floor. Moreover, this residual liquid would accumulate, not 
at the bottom of the magma chamber, but well above the bottom where a 
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Fic. 1. Idealized diagrammatic representation of late gravitative liquid accu- 
mulation. 1, Early stage of crystallization of basic magma a, after formation of 
chill zone b; 2, layer of sunken early-formed, ferromagnesian crystals c, resting on 
chill zone b, with mesh of later silicate crystals above, whose interstices are occupied 
by residual magma enriched in ore oxides; 3, mobile, oxide-rich, residual liquid 
draining down to layer d, and floating up later silicate crystals; 4, formation of a 
concordant oxide ore body in which a few late silicate crystals are trapped; 4a, 
mobile, enriched gravitative accumulation d squeezed out or decanted to form late 
magmatic injections. 
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Fic. 2. (top) Massive titanomagnetite enclosing a few aligned plagioclase 
plates; (bottom) aligned plagioclase plates in host overlying massive ore (top). 
Magnet Heights, Bushveld Igneous Complex, South Africa. (Photo by Author.) 
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considerable thickness of early-formed olivine and pyroxene crystals had set- 
tled downward on to the chill zone during the early stages of magma crystal- 
lization. Inasmuch as the mid-stage calcic plagioclase crystals would. be 
floated up to the top of the residual liquid accumulation, upon solidification the 
ore portion would lie in contact with overlying anorthosite. Thus, it would 
be conformable not only with the grain structure of the floor but also with the 
grain structure of the overlying anorthosite. The up-floated plagioclase crys- 
tals would be expected to lie with the flat sides of their plates parallel to the 
top of the liquid, like shingles floating on water, just as they are so strikingly 
aligned in and above the magnetite layers of the Bushveld Igneous Complex 
(Fig.2). G.W. Wunder and P. W. Allen *® have also described a sharp con- 
tact between ore and anorthosite at the MacIntyre mine, at Lake Sanford, 
New York. If considerable purification was taking place during solidifica- 
tion of the residual liquid, however, the last silicate crystals expelled might be 
caught within the upper portion of the consolidated residual liquid and there 
come to rest with their plates parallel to the top of the ore layer. An example 
of this can also be seen at the Magnet Heights magnetite occurrence in the 
Bushveld Igneous Complex (Fig. 2, top) and in Figure 3. Thus, the metallic 
oxide layers of concordant deposits would be expected to lie in the mid section 
of the intrusive, neither at the bottom, nor at the top, an occurrence that hereto- 
fore has puzzled all who have studied the titanomagnetite layers of the Bush- 
veld Igneous Complex. 

Quiescent gravitative liquid accumulation, necessitating the upward dis- 
placement of the crystallizing plagioclase crystals, would explain, without re- 
course to the intense mashing and squeezing action of filter pressing, the 
slightly strained, bent, and broken edges of the plagioclase crystals of many 
anorthosites. Under the slowly acting hydraulic pressure of the accumulating 
heavy residual liquid, the up-floated plagioclase crystals would be gently but 
firmly pushed upward against the overlying crystals, and these would be com- 
pressed into the minimum space possible. This action would strain, bend, or 
break the edges of individual crystals and give to the resulting anorthosite that 
appearance of crushing so frequently observed under the microscope. Such 
crushing, however, is that of the slow irresistible pressure of a hydraulic press 
rather than that of pressures generated by vigorous crustal disturbances. In- 
deed, quiescence of the magma chamber is necessary to yield concordant or 
stratiform layers of such oxide ore minerals. If crustal quiescence persists 
throughout the final purification and solidification of the enriched residual 
magma, then concordant and stratiform layers of ore minerals would result, 
such as those of the Bushveld Igneous Complex (Fig. 3) and some of the 
concordant titaniferous magnetite deposits of the Adirondack region in New 
York. 

Residual Liquid Injection —If quiescent conditions should not persist and 
some crustal disturbance takes place before final consolidation of the enriched 
gravitative liquid layer, then its mobility may permit its displacement. Some 
crustal readjustments generally accompany the emplacement and solidification 


5 Wunder, George W., and Allen, Paul W., Geology and utilization of the titaniferous mag- 
netites at McIntyre Development, Tahawus, N. Y.: A.I.M.E., in press. 
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of magmas. Solidification in itself may bring about contraction with accom- 
panying settling, slumping, or minor faulting. Even more vigorous orogenic 
disturbances may occur, with folding and faulting on a larger scale. 

A layer of liquid residual magma due to its high mobility would be particu- 
larly responsive to any pressure exerted upon it. Tilting might cause it to 
drain to another location. Pressure exerted upon it from below, from the 
sides, or from the weight of overlying rock, would tend to cause it to move to 





Fic. 3. Layers of titanomagnetite in the rocks of the Bushveld Igneous Complex. 
Magnet Heights, South Africa. (Courtesy of Edward Sampson.) 


places of less pressure (Fig. 1, 4a). Such places might be provided by weak 
zones in the intrusive, along contacts, or along breccia zones, shear zones or 
fissures into which the mobile residual liquid might be squirted. Thus, the 
iron and titanium enriched residual liquid might be injected into another part 
of the solidified parent intrusive along primary structure lines where it would 
occupy what might appear to be a concordant position; more likely it would 
transgress the primary structure giving discordant relations. Or it might be 
injected along the contact between the parent body and intruded rocks, like any 
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dike, or even out into adjacent rocks to form dikes, sills, or other intrusive 
bodies of iron and titanium ores. Such injections would resemble the intru- 
sive relations of normal intrusive rocks and they might include masses or inclu- 
sions of anorthosite, gabbro, or other rocks within their boundaries, and the 
ore minerals might cut across, corrode, and react with earlier-formed silicate 
minerals. These reactions, however, would be strictly magmatic since they 
take place during the magmatic cycle. 

The character of the solidified injected bodies would be determined by the 
timing of the injection and the rate of cooling after injection. If the injection 
should take place before the residual liquid became highly concentrated in iron 
and titanium, and before purification had eliminated much of the silicate con- 
stituents, the injected body upon consolidation would give rise to a pyroxene 
rock or gabbro high in metallic oxides but probably not an ore body, unless a 
low-grade one. If the injection took place after most of the silicate constitu- 
ents had been eliminated from the residual liquid, the injected body upon solidi- 
fication, should. be fairly pure titaniferous magnetite or ilmenite, with only 
minor silicate constituents. If injection took place into the solidified but still 
hot parent body the consolidated ore minerals might be expected to be quite 
coarse grained, such as is observed in the titaniferous magnetites of the Adiron- 
dacks, the Bushveld, Cumberland, Rhode Island, and other places, and in the 
ilmenite deposits of Allard Lake, Quebec. 

The rate of cooling after injection would also affect the amount of final 
purification that could take place before consolidation. A small dike or sill 
injection into cold rocks would lose heat rapidly. Little further purification 
could take place and, if it was only partially purified at the time of injection, 
the resulting consolidated product would be a basic igneous rock rich in metal- 
lic oxides. On the contrary, if the injection -were a large intrusive body, heat 
loss would be slow and further purification and oxide enrichment might 
proceed. 

In the final consolidation of injected, and also of concordant, oxide-rich 
liquids, any volatiles or mineralizers would be eliminated and minor pneumato- 
lytic or hydrothermal reactions might occur. 

Mineral bodies and host rocks resulting from injections of late gravitative 
liquid accumulations would differ from filter-pressed injections in several re- 
spects. Filter pressing envisages strong squeezing and the mashing together 
of a mesh of silicate crystals in order to eliminate the concentrated interstitial 
residual fluid (Fig. 1, 2a). Unless adjacent crystals are joined by extreme 
mashing, the interstitial fluid cannot be eliminated. Therefore, the parent host 
rock would yield evidence of strong mashing. In filter pressing, also, the 
squeezed-out liquid would dominantly transect original igneous structures. 

Injections of gravitative liquid accumulations, on the other hand, would 
not involve intense mashing of the parent host rock. On the contrary the 
crystals of host rock would be largely set before injection occurs and would 
display only gentle straining, bending, and mashing of corners brought about 
by being slowly displaced by the heavy residual liquid before injection took 
place. Moreover, the residual liquid might just as likely be injected along 
previously crystallized grain structures as across them. 
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Other Late Magmatic Products—tThe preceding discussion has been made 
with special reference to late gravitative accumulation and injection of titan- 
iferous magnetite and ilmenite, but similar accumulation and injection may 
also apply to magnetite, some deposits of chromite or chromitite, and platinum. 

Although most chromite deposits appear to have been formed as early mag- 
matic products by the sinking of early-formed crystals of chromite, the question 
of late magmatic chromite has been raised by Edward Sampson, C. S. Ross, 
and J. T. Singewald, Jr.,° by L. W. Ross and others.*. They conclude that 
there is definitely late magmatic, as well as early magmatic, chromite. It hap- 
pens that in most chromite deposits the exact relationship between chromite 





Fic. 4. Chromitite layers in pseudo-stratified anorthosite, Dwars River, Bush- 
veld Igneous Complex, South Africa. Note convergence of some chromite layers 
and inclusion of anorthosite in chromitite. (Photo by Author.) 


and rock silicates is often difficult to determine because the host rock is gener- 
ally altered to serpentine, thereby disguising the relationship. In the Bush- 
veld Igneous Complex, however, layers of chromitite occupy similar relations 
to the anorthosite as do the layers of titanomagnetite (Fig.4). Some adjacent 
layers of chromitite converge toward each other and transgress the grain struc- 
ture of the enclosing parent anorthosite as seen in Figure 4. Also there are 
actually some inclusions of anorthosite in chromitite, indicating again that the 
chromitite is later than the anorthosite. In addition, the vertical platinum 

6I, May chromite crystallize late?, by Edward Sampson; II, Is chromite always a magmatic 
segregation product?, by C. S. Ross; III, Discussion, by J. T. Singewald, Jr.: Econ. Geot., 


vol. 24, pp. 632-649, 1929. 
7 Fisher, L. W., Origin of chromite deposits: Econ. Grot., vol. 24, pp. 691-721, 1929. 
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pipes of the Bushveld, carrying chromite and platinum in their cetitral parts, 
transect almost at right angles the stratiform primary structure of the enclosing 
rocks and must, therefore, be of later formation than the primary structure of 
the host rocks. These occurrences indicate that chromite also may be of late 
magmatic origin. The hypothesis of late magmatic gravitative accumulation 
giving rise to both concordant and injected bodies could apply also to chromite 
and platinum. 

In his latest description of the chromite deposits of Turkey,® Vladimir 
Kovenko concludes that the commercial Turkish deposits, like those of the 
Urals, are definitely of late magmatic origin, with chromite crystallized later 
than the olivine. Some of the chief deposits are classed by him as injection 
veins and chimneys, that resulted from the injection of a chromite-rich magma 





Fic. 5. Photo of specimen at Yale University collected by J. D. Irving. Black is 
magnetite enclosing angular light-colored areas of syenite inclusions. 


accompanied by abundant mineralizers. The late crystallization of the chro- 
mite is attributed to the mineralizers. Such injected bodies of high purity 
indicate the existence of a mobile, chromium-rich residual magma, which may 
have been gathered together as a late magmatic gravitative accumulation and 
then injected. 

The huge magnetite deposit of Kiruna, Sweden, with its hundreds of mil- 
lions of tons of high-grade magnetite ore, is definitely an injection and encloses 
fragments of the adjacent country rock (Fig. 5). It could also be a late mag- 
matic gravitative accumulation of magnetite and apatite that formed elsewhere 
and before consolidation underwent injection into its present site. 

The origin of nickel-copper sulfide deposits has long been controversial. 


8 Kovenko, Vladimir, Gites de chromite et roches chromiféres de l’Asie Mineure (Turquie) : 
Soc. Géol. de France Mém. 61, pp. 1-48, Paris, 1949. 
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The hypothesis of an early magmatic origin has been thoroughly discredited, 
but for some deposits, such as those of the Bushveld and Insizwa types, an 
origin, that is, in part at least, due to late magmatic processes is held. The 
largest nickel-copper deposits, those of Sudbury, Ontario, however, are now 
generally considered to be of hydrothermal origin. 

Those nickel-copper deposits for which a magmatic origin is ascribed are 
in all cases associated with basic igneous rocks and the sulfides are definitely 
later in age than the associated rock silicates. J. H. L. Vogt ® considered that 
the sulfides of nickel and copper are soluble up to a few percent in basic mag- 
mas and that during cooling they may in part separate out as immiscible molten 
droplets, and as such sink through the magma and accumulate in the bottom 
of the magma chamber as liquid sulfide accumulation. In this respect it would 
resemble an accumulation of molten copper matte that collects at the bottom of 
a smelting furnace by draining down through the overlying molten slag. Since 
a molten sulfide-enriched liquid has a lower freezing point than the silicate 
constituents of a basic magma, the sulfide-rich accumulation would remain 
liquid long after the rock constituents had solidified. 

Although the separation and accumulation of sulfide droplets does not 
necessarily occur in the late magmatic stage, and the droplets are probably not 
residual liquids, the accumulated sulfide-enriched melt does persist into the 
late magmatic stage. As such it may solidify in situ as a late magmatic phase 
of magma consolidation, or before solidification it may be injected elsewhere, 
just as in the case of the magnetite- or ilmenite-enriched accumulations dis- 
cussed previously. 


FIELD EVIDENCE, 


Let us see if there is any field.evidence that supports the hypothesis of late 
gravitative liquid accumulation, with or without injection. A few examples 
only will be drawn upon. 

Palisades of the Hudson River.—The Palisades of the Hudson do not con- 
tain any economic deposits of metallic oxides but they do offer unique oppor- 
tunity for the study of small-scale magina differentiation, crystal settling, and 
residual magma enrichment, for here is a horizontal sill of basic igneous rock 
almost 1,000 feet thick and readily accessible from top to bottom. It has been 
the subject of careful petrologic studies, most recently and notably by F. 
Walker.’ Although Walker’s petrologic study of magma differentiation was 
not directed toward the elucidation of late residual iron oxide accumulation, it 
illustrates the principles nevertheless. 

Walker showed that above a bottom frozen layer representing the quickly 
chilled portion of the original magma, there is an olivine-rich zone, above which 
lies a zone richer in basic pyroxenes. These zones are considered to result 
from the settling out of the early crystallized ferromagnesian minerals. His 
vertical sections and analyses show that iron oxides are “distinctly scarce” in 
the olivine-rich zone and in the olivine-diabase zone above it, which together 

® Vogt, J. H. L., Die Sulfid-Silikatschmelzlésungen, Kristiania, 1917. 


10 Walker, F., Differentiation of the Palisade diabase: Geol. Soc. America Bull., vol. 51, pp. 
1059-1106, 1940. 














416 ALAN M. BATEMAN. 


occupy the lower two-thirds of the section. The iron oxides are most abun- 
dant in the upper third of the section. He states (p. 1074) : “Titaniferous iron 
ore is present throughout the sill and in the coarsest upper portions is suffi- 
ciently abundant to be a major constituent. In the rapidly cooled contact 
modifications small well-formed octahedra of early crystallization are promi- 
nent; in the coarser central portions the mineral (iron ore) is . . . of some- 
what later crystallization. Inthe (higher zone) it occurs as irregular skeletal 
masses 4 or 5 mm in length and of still later formation.” And again he states: 
“. . « in the coarsest upper portions (iron ore) is sufficiently abundant to be 
a major constituent.” Walker also observed (p. 1092) “The presence of vola- 
tiles has, however, entirely changed the mineral composition by preventing iron 
oxide from going into chemical combination with silica as pyroxene. The 
pegmatitic rock is thus rich .. . in late iron ore. This tendency for the 
volatiles in diabases to hold back iron oxide and expel it as iron ore or chlo- 
rophaeite, just before the last stages of crystallization, has been observed . . . 
in Scottish rocks.” Many similar examples have been noted elsewhere. 

This example of the Palisades illustrates three features that bear on the 
hypothesis of late gravitative liquid accumulation: (1) that a zone of early- 
formed crystals of olivine, scarce in iron ore, accumulated toward the bottom 
of the sill; (2) that the greatest quantity of iron ore occurs in the upper or 
latest part of the sill to crystallize, but still within it; and (3) that the titan- 
iferous iron ore is of later crystallization than most of the rock silicates. A 
fine petrologic study thus illustrates the principles by which a residual magma 
becomes enriched in titaniferous magnetite. The Palisades example represents 
the earliest stage of the late magmatic process, during which relatively rapid 
final consolidation occurred before downward draining of the iron-enriched 
residual liquid could take place. The result is an uneconomic deposit of dis- 
seminated titaniferous magnetite. Had the sill been vastly thicker and cooled 
more slowly, the residual liquid that actually crystallized as grains of late iron 
ore might have trickled downward to rest on the olivine diabase layer and form 
a deposit of titaniferous iron ore. 

Adirondack Titaniferous Magnetite Deposits—The titaniferous magnetite 
and ilmenite deposits of the Adirondacks region of New York, which have been 
studied by seven investigators, will serve as another example. These deposits 
are all associated with anorthosite or gabbro. Osborne *! recognized two gen- 
eral types of occurrence, one concordant and one discordant with the primary 
structure of the host rock. He shows that the ore minerals are definitely later 
than the silicate minerals and were the last to crystallize. The plagioclase 
crystals in many cases display crushed edges and bent lamellae indicating 
movement, and reaction rims occur between the ore minerals and plagioclase 
indicating corrosion of crystallized silicate minerals by still liquid ore minerals. 
The ores vary greatly in iron and titanium content ranging from high grade 
ores in anorthosite to lean gabbroic ores. 

Osborne concluded that the ore bodies in anorthosite, both discordant and 
concordant were due to the filter pressing out of a residual liquid enriched in 


11 Osborne, F. F., Certain titaniferous magnetite deposits and their origin: Econ. Grot., 
vol. 23, pp. 724-761, 895-922, 1928. 











FORMATION OF LATE MAGMATIC OXIDE ORES. 417 


ore minerals, from which most of the plagioclase and pyroxene had crystallized. 
The discordant bodies in anorthosite offered little difficulty to the filter press- 
ing concept because of the associated distorted plagioclase. The concordant 
bodies, however, were not so simply explained and Osborne thought that their 
concordance was probably due to a bowing apart of the central portion of the 
anorthosite by outside pressure thereby providing space for the filter pressed 
injection to enter. For the bodies in gabbro Osborne could find no adequate 
explanation since the ores contained gabbro constituents and no crushing of 
the rock minerals was evident. 

Stephenson,’* whose work followed Osborne’s, points out that “The dis- 
cordant bodies in anorthosite are related to adjacent concordant bodies in 
gabbro, for the ore was concentrated in the gabbro prior to introduction into 
anorthosite.” He states further (p. 23): “Petrographic and structural evi- 
dence strongly support the conclusion that the ore was concentrated as a late 
liquid residuum in the gabbro. This ore-rich residuum formed lenses, which 
grade into the enclosing gabbro. These lenses are magmatic segregations. 
Foliation of ore minerals along the boundary of some of these lenses indicates 
that the ore residuum flowed through the lenses as crystallization of the ore 
minerals was in progress.” 

The field evidence would appear to fit in with a late liquid gravitative accu- 
mulation of the ore minerals and accompanying rock silicates. Liquid gravi- 
tative accumulation could account for the concordant bodies in anorthosite, as 
discussed previously, where the calcic plagioclase crystals are bent and chipped. 
It could account also for the discordant or injected bodies in anorthosite with- 
out resort to filter pressing, and the plagioclase and pyroxene crystals con- 
tained within the ore, as noted by Osborne and Stephenson, could result from 
elimination of silicate material during the ore purification process. Moreover, 
the ore bodies in gabbro that puzzled Osborne, and the gradation between ore- 
rich lenses and enclosing gabbro noted by Stephenson, support the liquid 
gravitative accumulation hypothesis. The drained off residual liquid, from 
which most of the calcic plagioclase had crystallized, would contain both the 
constituents of ore minerals and gabbro. If the draining occurred fairly 
early, the gabbroic constituents in the residual liquid would be relatively abun- 
dant ; if late, the silicates would have been largely eliminated before draining 
and the resulting ore would be high grade with relatively few silicate crystals 
enclosed within it. The accumulated liquid lean in ore materials would con- 
solidate as a lean gabbroic ore, such as the low-grade ore at Lake Sanford. If 
purification of this lean liquid was permitted to proceed for some time, plagi- 
oclase and pyroxene would gradually be eliminated to form gabbro, and the 
enriched remaining liquid would form lenses or layers of ore minerals with few 
silicates, which naturally would be gradational into the eliminated gabbro. 
Stephenson’s conclusion that “the ore was concentrated as a late residuum 
liquid in the gabbro” would thus be expected. The upfloated silicate crystals 
eliminated in the last stage of consolidation might account for the foliation 
noted by Stephenson since they would tend to be oriented with their greatest 


12 Stephenson, R. C., Titaniferous magnetite bodies of the Lake Sanford area, New York: 
Am. Inst. Min. Met. Eng. Tech. Pub. 1789, p. 23, 1945. 
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surface parallel to the top of the liquid. Furthermore, if the ore residuum 
should be forcibly ejected from its site of accumulation to form a discordant 
body, the purification would continue to proceed and yield gradational gabbro. 
This would account for the bands of ore in the Sanford Hill ore body that 
grade into gabbro. If the injection took place into anorthosite, the exuded 
gabbro would lie in contact with the anorthosite, and close to ore, such as is 
seen in the open cut at Sanford Hill. Stephenson mentions (p. 16) that “ore 
is not found anywhere in the Sanford area without this rock (gabbro).” This 
would be expected if the constituents of gabbro are eliminated during purifi- 
cation of ore-rich residual liquid injected into anorthosite. 

Final consolidation of the Adirondack residual ore liquids would of course 
release such volatiles and mineralizers as might be present and these might give 
rise to the minor pneumatolytic or hydrothermal effects that have been noted 
there. 

The Bushveld Igneous Complex.—As a third field illustration let us refer 
briefly to the remarkable Bushveld Igneous Complex of South Africa."* Here 
is a gigantic intrusion of basic igneous rocks that exhibit such striking pri- 
mary grain parallelism that it is called “pseudo-stratification.” Viewed from 
a distance this slightly-tilted pseudo-stratification looks like a section of sedi- 
mentary rocks. Several thousand feet from the chill zone at the base are 
stratiform layers of titanomagnetite, and also, lower down, of chromitite, con- 
cordant with the grain structure of the enclosing rock (Figs. 3, 4). These 
layers of magnetite have excited geologists because of their continuity over 
scores of miles with remarkable uniformity of position, thickness, and content. 
How they were formed has been a real puzzle! At first they were thought to 
have originated by the settling of early-formed crystals of magnetite, but as 
in other places, the magnetite has been found to be later than the silicates, thus 
precluding this explanation. The later age of the iron ore is shown conclu- 
sively under the microscope since it surrounds, penetrates, cuts across, and 
embays earlier plagioclase crystals. Consequently, the formation of the iron 
ores must be a late magmatic phase but how to account for the position and 
occurrence of the titanomagnetite layers has confounded geologists. Hydro- 
thermal replacement has been eliminated ; late magmatic filter pressing seems 
eliminated because of the continuity and concordance of the layers and the lack 
of evidence of crushed crystals, although some plagioclase crystals are bent; 
likewise a proposed idea of separate intrusions of sills of iron ore liquid is not 
supported by contact relations and internal structures. A. L. Hall has also 
speculated on an immiscible separation and downward accumulation of liquid 
magnetite. 

A noteworthy feature of the iron ore layers and the overlying anorthosite, 
at Magnet Heights and elsewhere, is the almost perfect alignment of plagioclase 
plates parallel to the iron ore layer (Fig. 2). This is true of the plagioclase 
plates included within the massive iron ore as well as those immediately 
above it. 

The possibility of late gravitative liquid accumulation, as proposed in this 


13 Hall, A. L., The Bushveld Igneous Complex of the Central Transvaal: S. Africa Geol. 
Survey Mem. 28, Pretoria, 1932. 
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paper, must be entertained and does appear to fit in surprisingly well with the 
field facts. 

Near Magnet Heights there are five titanomagnetite layers, the lower ones 
being the thickest (8 feet). This lower layer rests with knife-edge sharpness 
on an even floor that gives every appearance of having been solid when the 
magnetite came to rest upon it. There is no interpenetration of magnetite 
downward iito the underlying anorthositic norite. The lowest part of the 
magnetite layer is almost solid ore with only rare plagioclase inclusions. Up- 
ward from the floor, inclusions of discrete plagioclase plates become more 
numerous until gradually plagioclase predominates, and finally at the top it is 
all plagioclase plates with no visible magnetite. The gradation ranges from 
about 95 percent ore minerals at the bottom to about 5 per cent ore minerals 
at the top, with a corresponding increase of plagioclase plates from bottom to 
top. The lower contact is sharp, the upper gradational. A striking feature 
of the ore layer is that all of these included plagioclase plates are almost ex- 
actly aligned with their longer axes parallel to the floor. This alignment of 
.plagioclase plates has been previously referred to as a flow structure. Above 
the magnetite layer the plagioclase plates of the overlying anorthosite are also 
aligned parallel to the floor but not so exactly; numerous plates may be seen 
tilted at gentle angles to the general alignment. It is extremely difficult to 
break out a hand specimen except parallel to the plagioclase plates. 

The included plagioclase plates are labradorite of remarkably uniform com- 
position throughout. The longer dimensions are 4 to 10 times the thickness, 
and they range up to 114 centimeters long and 1 to 2 millimeters thick. The 
plates near the bottom of the magnetite layer are a little thinner than those 
near the top. The edges of the plagioclase plates in the ore layer have been 
extensively attacked by the surrounding iron ore forming beautiful reaction 
rims. The minerals in the reaction rims consist of hypersthene, diopside, 
hornblende, biotite and chlorite, indicating the presence of some volatiles within 
the iron-rich liquid during their formation. Within the reaction rims the 
interior labradorite is notably fresh in all cases. Reaction rims are not found 
in the overlying anorthosite. The included plates show no distortion but occa- 
sional bent ones may be seen in the overlying anorthosite. 

The ore minerals consist of coarse grains of magnetite that shows faint 
anisotropism, coarse grains of ilmenite, and extremely minute exsolved lamellae 
of ilmenite oriented within the magnetite. Some unoriented hematite needles 
occur within the magnetite but only in the lower part of the ore body. 

No adequate explanation has heretofore been advanced to account for such 
a layer of magnetite. The magnetite was definitely the last mineral to form 
and the ore liquid crystallized around the reaction-rimmed plagioclase plates. 
The orientation of the plagioclase plates suggesting flow structure has given 
more credence to the idea of sill-like injections than to some of the other 
processes, most of which have now been eliminated from further consideration. 
But injection of sills obviously raises many difficulties and does not accord 
with field evidence. On the other hand, the field and microscopic evidence do 
harmonize with a late liquid gravitative accumulation. A solid floor upon 
which the enriched residual liquid could collect is present.. The relative free- 
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dom of the lower part of the magnetite layer from included silicate crystals is 
what would be expected under quiescent conditions of accumulation and purifi- 
cation. The increase in undisturbed plagioclase laths upward is just what 
would result from silicate elimination and upfloated crystals during quiescent 
cooling. Moreover, the crowded plagioclase plates in the overlying anortho- 
site, some of the lamellae of which are slightly bent, could result from crystals 
displaced and pressed upward by down-trickling heavy residual liquid. In 
addition, the alignment of the flat plagioclase plates within the ore layer is the 
expected behavior of flat plates floating up in a liquid, like wooden discs float- 
ing on water. The included plagioclase plates surrounded by reaction rims 
indicate that they were enclosed by a residual liquid—which eliminated vola- 
tiles and crystallized to titanomagnetite. The coarse grain of the magnetite 
and ilmenite from bottom to top also suggests slow cooling of a molten liquid. 
Also, the position of the magnetite layers high up in the Complex and above a 
great thickness of underlying basic and ultrabasic rocks is analogous on a 
grand scale to the Palisades on a small scale. Above the chill zone of the 
Complex and lower than the magnetite bands lie bronzitites, dunites, basic py- 
roxenites and diallage norites—rocks presumably formed by early-settled ferro- 
magnesian crystals. The formation of so great a thickness of such basic rocks 
would provide unusual opportunity for the accumulation of a residual magma 
highly enriched in iron and titanium oxides and in volatiles. The scores of 
miles of concordant magnetite layers in approximately the same stratigraphic 
position in the Complex seems more in accord with a liquid gravitative accu- 
mulation than with any other process of origin. 

The field evidence of the Complex here again supports an hypothesis of 
late liquid gravitative accumulation and coqeomention 1 in situ into concordant 
layers of iron ores. 

Stratiform chromitite layers, generally similar to the magnetite layers, occur 
lower down in the Bushveld Igneous Complex. In some occurrences the 
chromitite is definitely later than and encloses fragments of anorthosite (Fig. 
4). These layers may also be considered to have originated as late liquid 
gravitative accumulations that may have undergone some tilting. 

The Platinum Pipes of the Bushveld Igneous Complex.—A further exam- 
ple may be drawn from the Bushveld Igneous Complex in the peculiar platinum 
pipes ‘* that occur within the norite zone. Their origin has always been and 
still is a puzzle. 

The unique pipes are nearly vertical, carrot-shaped, bodies up to 60 feet 
in diameter and as much as 1,000 feet deep that cut across at right angles the 
gently inclined, primary pseudo-stratification of the norite zone. There is, in 
sharp contact with norite, an outer cylinder of pyroxenite 600 to 800 feet 
across, inside of which is olivine dunite and the center 60 feet across is com- 
posed of hortonolite dunite with magnetite, ilmenite, chromite, and minor sul- 
fides, carrying platinum (Fig. 6). The lustrous, blackish-brown, conchoidal, 
hortonolite dunite is the heaviest all-silicate rock known. Here is an unusual 
geologic occurrence—a pipe-like body that transgresses primary stratification 


14 Wagner, Percy, Platinum deposits and mines of South Africa, Oliver and Boyd, Edin- 
burgh, 1929. 
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with the most basic portion in the center, and the last to crystallize! That 
the pipe body is intrusive is without question. It presents sharp contacts to 
the enclosing norite; the olivine dunite contains inclusions of anorthosite; the 
hortonolite dunite is in sharp contact with the olivine dunite, and swarms of 
small hortonolite dikes cut the olivine dunite cylinder. Moreover, according 
to Wagner, one pipe transects the lower chromitite layer and jostled slabs of 
the chromitite layer are included in the olivine dunite. 

The hortonolite-dunite core consists almost entirely of hortonolite in glis- 
tening grains from 1 to 5 cm across. The minor constituents are diallage, 
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Fic. 6. Mooihoek Platinum Pipe, South Africa, east half. Center (black) is 
hortonolite dunite with chromite and platinum, surrounded by olivine dunite, then 
by pyroxenite, and all enclosed in nortite. (Based upon P. A. Wagner, modified 
by sketches made by author at the mine.) 


hornblende, magnetite, ilmenite, chromite. Parts of it carry phlogopite and 
fluorapatite. Thus, hydroxyl and fluorine were present, and presumably 
played a part in keeping the residual liquid fluid. In places are coarse-grained 
aggregates or masses of magnetite, ilmenite, and chromite and the platinum 
content is highest where these occur. The sparse sulfides consist of chalco- 
pyrite, pyrrhotite, cubanite, and pentlandite—minerals common to parts of the 
Complex. Ilmenite and magnetite surround the silicates and crystallized 
later than them. 
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The pipes and dikes are obviously late magmatic injections that transgress 
the structure of the anorthositic norite. It seems geologically strange that a 
dunitic fraction should be the last part of a magma to crystallize, but the field 
facts are inescapable.** The injected liquid, in addition to its magnesia and 
silica content, was enriched in iron, titanium, chromium, manganese, platinum, 
hydroxyl, and fluorine, along with a little copper, nickel, and sulfur. It is 
difficult to escape the conclusion that it was a late residual liquid in which the 
sparse elements had become relatively concentrated. To be present in suffi- 
cient quantity to give rise to large pipes means that there must have been an 
accumulation of it, and it was a late accumulation. Again it fits in with the 
concept of a late gravitative liquid accumulation, which in this case became sub- 
jected to pressure and was squirted elsewhere to form pipes, of which some 60 
are known. It should be noted that Wagner records other occurrences of 
sheet-like masses, lenses, and segregations of hortonolite dunite carrying some 
platinum in coarse pegmatitic diallagite. These may represent late gravitative 
accumulations that crystallized in situ and were not injected elsewhere. 

Taberg, Sweden.—The great Taberg mountain with its 450 million tons 
of titaniferous iron ore has recently been restudied by Sven Hjelmqvist.° He 
describes an hyperite intrusion out of which labradorite has crystallized to form 
anorthosite, leaving a residuum of magnetite-olivinite (iron ore) that has been 
injected into the hyperite and anorthosite and contains inclusions of them. It 
is thus late magmatic. The magnetite-olivinite contains included labradorite 
plates that exhibit reaction rims. The magnetite, containing exsolved ilmenite 
and spinel, crystallized later than the labradorite and olivine. The magnetite- 
olivinite grades northward from ore with very little plagioclase to a rock high 
in included plagioclase, and the former constitutes the ore body, carrying 28 
to 32 percent iron. The magnetite-olivinite, consists of titanomagnetite, il- 
menite, olivine, thin plates of plagioclase, and a little apatite and amphibole. 
The ore has been enriched in small quantities of vanadium, chromium, cobalt, 
and nickel. Specks of pyrrhotite, pentlandite, chalcopyrite, and pyrite are 
present. The composition of this residual magnetite-olivinite is strikingly 
similar to the residual hortonolite dunite of the platinum pipes of the Bushveld 
Igneous Complex. 

Hjelmqvist considers “that the titanomagnetite in the ore is a late crystal- 
lization product, and this opinion is supported by the fact that pure titano- 
magnetite occurs as veins in the magnetite-olivinite” (p. 49). He concludes, 
however, that in the differentiation the olivine and titanomagnetite must have 
crystallized first, sank downwards, and at greater depth became remelted to 
form a molten layer of heavy liquid, while the labradorite crystallized later and 
floated up to form anorthosite. According to Hjelmqvist, the lower remelted 
layer was later injected upwards into the hyperite and anorthosite to form the 
iron ore body. He thinks that the crystallization of olivine between unbroken 


15 Adolph Knopf points out that if there had been a dunite magma, it is to be expected that 
the later intrusion would be rich in the low-melting component (fayalite) forming hortonolite 
(personal communication). 

16 Hjelmqvist, Sven, The titaniferous iron-ore deposit of Taberg in the south of Sweden: 
Sveriges geol. undersékning, ser. C, no. 512, Stockholm, 1950. 
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plagioclase plates, all surrounded by titanomagnetite, indicates that the femic 
mass was “at least partly a real molten magma.” 

The well-known objections to remelting of such refractory materials as 
titanomagnetite and olivine has been pointed out many times by Bowen and 
others, and are summed up elsewhere.*? Hjelmqvist’s recourse to remelting 
is to account for, first, the separation of olivine and titanomagnetite as early- 
formed crystals from later crystallizing labradorite, and second, their remelting 
to account for the injection and late relations of the titanomagnetite around 
labradorite whose crystallization followed olivine and titanomagnetite. 

The alternative hypothesis of late gravitative liquid accumulation would 
appear to account for the reported field and microscopic evidence more simply 
than Hjelmqvist’s conclusion. Starting with the hyperite magma, early crys- 
tallization would eliminate calcic plagioclase, and the residual magma would 
become gradually enriched in iron, titanium, and basic silicates, as in the case 
of the hortonolite dunite. Further crystallization would cause still greater 
residual enrichment in these substances, in volatiles, and in the associated 
vanadium, chromiuin, cobalt, nickel, copper. This heavy liquid would trickle 
downward through the plagioclase interstices displacing them upward giving 
rise to the “flow structure” of the plagioclase plates referred to by Hjelmgqvist. 
Before the liquid accumulation had progressed very far in its purification proc- 
ess, however, induced pressure caused injection upwards into the hyperite and 
anorthosite, enclosing fragments of each. Then, further purification would 
cause the elimination of what plagioclase was left, which plates would rise only 
slowly in this high silicate-iron melt, undergoing reaction rim alteration mean- 
while. Final crystallization would then occur without further purification, 
giving rise to the crystallization of the olivine and titanomagnetite almost simul- 
taneously, but with the titanomagnetite last. A last minor extract would be 
almost pure titanomagnetite whose mobility would form the iron ore veins 
referred to. 

The Taberg occurrence has many characteristics similar to the late mag- 
matic injections of the platinum pipes, particularly the residual concentration 
of an iron-magnesia-silica fraction. Except for the veins of almost pure titano- 
magnetite, it shows much less purification and elimination of silicate material 
than the titanomagnetite layers of the Bushveld. Like the others, it gives evi- 
dence of the presence of volatiles. 

Allard Lake Ilmenite—The recently discovered masses, running into mil- 
lions of tons of ilmenite ore of Allard Lake in Quebec might be chosen as 
another example. Here is a large mass of coarse anorthosite that exhibits 
little plagioclase mashing ; which contains several bodies of ilmenite ore, some 
of high purity (90%+ of metallic oxides) and others of low-grade dissemi- 
nated ore. The high-grade ore bodies consist of ilmenite with exsolved hema- 
tite and some sporadic pyrite, and exhibit intrusive relations to the anorthosite. 
Dikelets of coarse granular ilmenite extend out into the anorthosite, and inclu- 
sions of coarse granular anorthosite within the ilmenite body are common. No 
ilmenite body occurs outside of the anorthosite, but in places gabbroic anortho- 


17 Bateman, Alan M., Economic Mineral Deposits, 2nd Edit., p. 76, John Wiley & Sons, Inc., 
New York, 1950. 
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site accompanies ore. The ilmenite ore everywhere is very coarse-grained, 
and some ilmenite crystals several centimeters across were observed against 
the anorthosite contact and even in little veinlets. Exsolved lamellae of hema- 
tite (not magnetite) occur in most of the ilmenite grains, but there are also 
some grains of clear ilmenite. The ore masses appear to be tabular shaped. 

Although insufficient work has yet been done to disclose all the field rela- 
tions desired, a late gravitative liquid accumulation, along with injection, must 
be entertained. It would account for all of the field facts disclosed, but a high- 
temperature replacement origin must also be considered. The low-grade dis- 
seminated ore bodies, in which the ilmenite was the last mineral to crystallize, 
would represent incomplete draining of the enriched residual liquid, or crystal- 
lization of a liquid accumulation before purification by elimination of plagi- 
oclase and pyroxene could take place. The high-grade ore bodies would repre- 
sent a high degree of purification with most of the plagioclase eliminated during 
extremely slow consolidation. The sporadic pyrite indicates the presence of 
sulfur. 

Kiruna, Sweden.—The great magnetite hill of Kirunavaara differs from 
other examples chosen in that the ore is magnetite and fluorapatite with minor 
pyroxene and amphibole, traces of cerium earths, and low titanium, and is not 
titanomagnetite. The origin of this deposit has long been a subject of contro- 
versy. The earlier concepts of segregation in situ of early-formed sinking 
magnetite crystals died when later field work disclosed that the magnetite is 
injected as a huge sill-like body into the adjacent syenite, and contains many 
inclusions of the invaded rock. The intrusive character is conclusive, accord- 
ing to Geijer..* J. H. L. Vogt, Lindgren, and others then advocated that a 
sunken layer of early-formed magnetite crystals was remelted and injected, 
but objections to remelting have been pointed out. Per Geijer*® has con- 
cluded that the magnetite and apatite along with volatiles were formed as a 
thin “rest magma” left over during differentiation and the crystallization of 
the silicate minerals, and then intruded into its present site. He considers 
that the field relations, and the texture of the magnetite-apatite ore, are un- 
questionably those of a once molten intrusive magma. The magnetite and the 
apatite were the last minerals to crystallize, the apatite being mostly later than 
the magnetite. Geijer found that the adjacent syenite also contains magnetite 
that crystallized later than the feldspars. 

The formation of a great sill of magnetite 3 km long and up to 130 m thick 
containing hundreds of millions of tons of the highest grade ore in the world 
must have undergone some kind of accumulation to obtain so large a volume 
of residual liquid of such purity. A residual magma liquid highly enriched in 
iron and volatiles might tend to remain and crystallize in the interstices of the 
previously crystallized silicates unless it were squeezed out or drained out. If 
it were squeezed out or filter pressed, to the site of injection, the liquid should 
carry within it some of the late silicate constituents that had not yet crystai- 
lized. If so these should be eliminated in the last stage of consolidation and 

18 Geijer, Per, personal communication. 


19 Geijer, Per, The iron ores of the Kiruna type: Sveriges geol. undersdkning, ser. C, no. 
512, Arsbok 24, no. 4, Stockholm, 1931. 
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should be found within a part of the ore body. Such silicate inclusions, how- 
ever, are not found within the ore. Therefore, it seems probable that the high 
degree of purification must have taken place before injection to the present site 
of the deposit. This suggests a late magmatic accumulation elsewhere and a 
long purification period during which practically all of the remaining silicate 
constituents of the residual magma were eliminated by crystallization leaving 
the iron oxides, volatiles, apatite, and very few silicate constituents of pyroxene 
and amphibole as a mobile liquid, which then became injected to form the huge 
Kirunavaara magnetite deposit. 

The nearby Rektor deposit,”° composed of magnetite, hematite, and fluora- 
patite, carrying 36 percent iron and 5 percent phosphorus likewise may be a 
late magmatic injection of a residual liquid high in volatiles that accumulated 
elsewhere. 


GENERAL CONSIDERATIONS. 


The conclusion of late magmatic formation of iron, titanium, and in part 
chromium oxides, is based upon field and microscopic investigations, both per- 
sonal and from the literature, and is without supporting experimental evidence. 
The idea of gravitative liquid accumulation is deduced from broad considera- 
tions of field and microscopic evidence as a mechanism to account for the accu- 
mulation into enriched bodies of iron, titanium, and chrome ores. If there 
can be no enrichment in the residual liquid of iron and titanium oxides, there 
can be no gravitative liquid accumulation of such a residual fraction. And if 
there is no accumulation of the residual liquid there can be no body of liquid 
of sufficient size and purity to give rise to an ore deposit. The problem is to 
find a means of separating residual liquid dispersed in the interstices of par- 
tially formed silicate crystals from the crystals themselves. Filter pressing 
and flowage filtration of Balk have been advanced as means of separation of 
residual liquid from crystals, but these involve migration of the liquid else- 
where. Further, the residual liquid may not have had a chance to eliminate 
the remaining silicate constituents. However, in many cases deposits occur 
within the parent rock concordant with its structure, under conditions which 
indicate that the residual liquid has crystallized in situ. Filter pressing would 
not explain such occurrences, but liquid gravitative accumulation would, par- 
ticularly the stratiform layers of titanomagnetite of the Bushveld type. Also, 
simple gathering together of a rest magma or residual magma as a leftover 
after crystallization of much of the silicates offers difficulty of concentrating 
many liquid centers into one place. 

Gravitative liquid accumulation is not to be thought of as being the same 
as filter pressing. The latter involves a squeezing of a mush of crystals to 
eliminate the interstitial residual liquid. A residual silicate liquid might con- 
stitute as much volume as the crystals mush and as such would offer no special 
difficulty in being removed from the crystals. But to obtain a residual liquid 
so highly concentrated in the metallic oxides as to form even a low-grade ore 
would mean that silicate crystallization had progressed so far that the inter- 


20 Geijer, Per, The Rektor ore body at Kiruna: Sveriges geol. undersdkning, ser. C, no. 514, 
Arsbok 43, Stockholm, 1950. 
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stitial liquid would be only a very minor part of the total volume. To remove 
such a small volume of residual liquid would mean an intense mashing together 
of the silicates to close the intercrystal spaces. Also, under such conditions 
innumerable separate channels of outmoving liquid would tend to be formed 
without concentrating the liquid into one or a few injections large enough to 
constitute ore deposits. Gravitative liquid accumulation and injection, on the 
other hand, does not involve strong mashing of the silicates, but only gentle 
bending or jostling during their displacement. It provides a mass of residual 
liquid already concentrated into large volume, ready to yield a large injected 
ore body if pressure develops before final consolidation in situ. Moreover, it 
provides opportunity under quiescent conditions for the residual liquid to 
undergo a high degree of purifying itself of included silicate constituents and 
the purity of many injected ore bodies indicates that the enrichment in metallic 
oxides must have taken place prior to injection into their present sites. 

The question will naturally arise in the mind of the reader as to why such 
difficultly meltable substances as magnetite and ilmenite should remain in the 
residuum of a basic magma and how can they remain molten to permit injec- 
tion? These minerals have high melting temperatures and ordinarily are 
considered to be among the first to crystallize from a magma. What little 
experimental evidence there is would tend to oppose the idea of a late magmatic 
liquid composed largely of oxides of iron, titanium, or chrome. However, the 
field and microscopic evidence of late magmatic iron and titanium oxides, and 
their injection, is inescapable, and where there is conflict between field and 
experimental evidence it means that further experimental investigation is 
needed. It will be noted that in most of the occurrences discussed above, evi- 
dence of volatiles or mineralizers is present. These are mainly water, fluorine, 
and sulfur. Possibly others may have been present and escaped upon con- 
solidation of the residual liquid. Their repeated presence is probably not a 
coincidence and, as has been suggested by different investigators, herein may 
lie the answer to a residual liquid high in iron and titanium, or in chromium. 
In the same manner that a lava flow is not a sample of its parent magma owing 
to the elimination of the gases and vapors, a magnetite or ilmenite ore body is 
also not a sample of the liquid from which it crystallized. While included 
mineralizers and silicate or phosphate flux may cause a liquid high in metallic 
oxides to remain molten for a long time, once the flux is eliminated and fugitive 
constituents have departed and solidification occurs, a much higher tempera- 
ture would be needed for remelting. Thus, the high melting temperature of 
magnetite and ilmenite may have little bearing on whether there may be a 
magmatic liquid composed largely of these substances. However, it argues 
against the probability of remelting of early-formed magnetite and ilmenite 
crystals. 


YALE UNIVERSITY, 
New Haven, Conn., 
March 1, 1951. 











THE USE OF SENSITIVE GAMMA RAY DETECTORS 
IN PROSPECTING. 


WILLIAM L. RUSSELL AND S. A. SCHERBATSKOY. 


ABSTRACT. 


This paper describes the types of instruments needed in searching for 
radioactive ores and the various corrections that must be applied to make 
the instrumental readings useful. The most important factor in interpret- 
ing the results of gamma ray surveys is the recognition of anomalies. An 
anomaly of this type may be defined as radiation unexpectedly large for the 
associated field conditions. A knowledge of the characteristic radiation 
intensities associated with different rock types is an aid in the recognition 
of anomalies. The characteristic radiation intensities of a number of rock 
types are given in the paper. It is important to consider the effect of rock 
type, field conditions, weathering and climate in interpreting anomalies. 
The highly radioactive igneous rocks of the Front Range of the Rocky 
Mountains in Colorado may be the source of the uranium in the ore deposits 
farther west. 


INTRODUCTION. 


THE recent demand for uranium and thorium has naturally created an interest 
in instruments that may be used to find the ores of these metals. The purpose 
of this paper is to describe the types of instruments needed for this type of 
work, the manner in which they may be used to best advantage, and how the 
measurements they give should be interpreted. 

The writers are indebted to the United States Geological Survey and to a 
number of scientists for aid in securing data. Dr. Wallace G. Fetzer and 
other members of the U. S. Atomic Energy Commission have been especially 
helpful. Blair Burwell and Joe Weston furnished much useful information 
regarding uranium deposits and mining operations. 


TYPES OF INSTRUMENTS THAT CAN BE USED FOR PROSPECTING. 


Basis for Classification—Radiation detectors can be divided into four 
classes : ionization chambers, proportional counters, Geiger counters, and scin- 
tillation counters. They all are based on the same basic principle, i.e., causing 
of ionization by the radiation. The difference between various detectors is 
therefore not of basic principle, but of the method that is used to measure the 
degree of ionization produced by the rays. 

Ionization Chambers.—The simplest form of ionization chamber is the well 
known electroscope and all ionization chambers are different from the electro- 
scope only as a matter of degree. The ionization chamber consists of a vessel 
containing a gas in which two electrodes are immersed. A difference of elec- 
tric potential is applied to the electrodes. In the absence of any radiation the 
gas is an insulator and no current will flow. Radiation causes the gas to be- 
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come ionized and a very small current will flow. Alpha and beta rays cause 
ionization directly by interaction with the electrons of the gas atoms, and 
gamma rays cause ionization indirectly by being transformed into beta rays by 
interaction with the walls of the chamber or with the gas itself. Thus, gamma 
ray detectors do not detect the gamma rays directly, but detect the secondary 
electrons. It should be borne in mind that the currents produced by ioniza- 


tion chambers are extremely small, being of the order of 





10,000,000,000,000 
amperes. The difficulty in practical application of ionization chambers lies in 
the measurement of this small current by means of suitable vacuum tube ampli- 
fiers or electrometers. 

Proportional Counters——The difficulties in amplification of the ionization 
current can be overcome to a certain extent by shaping the anode of an ioniza- 
tion chamber so as to provide sharp edges or surfaces of very small radius of 
curvature. In the vicinity of such an anode multiplication of ionization oc- 
curs because of the high electric field which gives the negative ions (electrons) 
a very high speed and causes further ionization. The process repeats itself 
in a controlled chain reaction and thus a relatively small number of electrons 
caused by the radiation impinging from the outside can be made to cause a 
much larger number of electrons by the action of the sharp anode. In prac- 
tice, the anode generally consists of a number of thin wires that provide the 
necessary concentration of electric field. If in such an instrument the direct 
current is measured, the instrument is called an ionization chamber with gas 
multiplication. If the current pulses caused by each ray impinging from the 
outside are measured, it is called a proportional counter. 

Geiger Counters——The process of gas multiplication described above can 
be carried so far that each ray impinging from the outside will cause such a 
high degree of multiplication that the resulting current pulse tends to grow 
more or less indefinitely ; i.e., the chain reaction is uncontrolled. This phe- 
nomenon in the counter is called an avalanche. Thus a single quantum of radi- 
ation traversing the counter can be made to release a very large amount of 
energy in the form of the avalanche. In order to make such an instrument 
useful and capable of detecting not only a single ray but a continual arrival of 
rays, it is necessary to interrupt the avalanche and to restore the counter to a 
nondischarging condition. This is achieved by a “quenching” action which 
can be produced either by an external circuit that momentarily interrupts the 
current supply immediately after the avalanche (called quenching circuit) .or 
by the inclusion within the gas of the counter of a special gas additive which 
produces the same result (called quenching gas). 

Scintillation Counters——In scintillation counters the ionization is made to 
cause a material to luminesce. It has been known for a long time that the 
kinetic energy of moving particles can be converted into energy of visible radi- 
ation. In fact, one of the very earliest radiation detectors used during the last 
century and known as a spintharoscope was a scintillation counter. Recently, 
scintillation counters have been revived and the eye of the observer replaced 
by a photoelectric cell. The advantages of the scintillation counter lie in the 
fact the detection of the rays is achieved in a solid body rather than in a gas 
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and consequently the specific absorption is higher. The specific response of a 
scintillation counter therefore can be made high and when space is at a premium 
and a very small detector is needed, the scintillation crystal type of detector 
has comparatively very high efficiency. There are, however, technical diffi- 
culties in providing a very large transparent scintillating material and thus 
when space is not at a premium, probably the advantages of the scintillation 
counter become reduced. 


CHARACTERISTICS OF GAMMA RAY MEASURING INSTRUMENTS USED 
FOR SURFACE PROSPECTING. 


General Characteristics Needed.—The field conditions encountered in pros- 
pecting place severe requirements on the characteristics of satisfactory instru- 
ments. Obviously, they should be as light and as small as possible. They 
should be rugged, unaffected by temperature changes and by dampness, and 
should be supplied with batteries of long life, which can be easily inserted. 
The accuracy of the instruments should be sufficient to measure the anomalies 
in radioactivity which suggest the presence of radioactive ores. Since these 
anomalies are of about the same magnitude as the radiation from ordinary 
rocks, this means that the instruments must be able to measure the gamma 
radiation from various common rocks at ordinary walking speeds. The in- 
struments should measure the gamma radiation to an accuracy of about ten 
percent. Accuracy greater than this is generally not needed in surface work, 
because there are errors from other sources that are as large or larger. 

In general the problems of surface gamma ray measurements and the meas- 
urements of gamma ray intensity made in well logging are very similar. Thus, 
any instrument that could be used to log the radioactivity in wells could prob- 
ably be used in surface measurements, and vice versa. However, somewhat 
less accuracy is needed for surface work than in the subsurface, because the 
unavoidable errors are greater. 

Relations of Accuracy, Speed, Time Constant and Probable Error —Instru- 
ments which may be used in gamma ray prospecting are subject to errors of 
two different types, namely, instrumental and statistical. Instrumental errors 
are produced by defective apparatus, wear and tear, breakage, defective con- 
struction, and the like. Statistical errors are produced by chance variations 
in the number of gamma ray photons effectively absorbed by the instrument 
within the period of measurement. 

The response of the measuring instrument to a sudden variation in the 
radioactivity of the surrounding medium is not instantaneous but is charac- 
terized by a time delay associated with the concept of “time constant.” Be- 
cause of the time constant the indication of the instrument does not represent 
the radioactivity measured at a given instant but indicates a magnitude that 
represents substantially an average of the radioactivity during a certain time 
period. For our present purposes we can use a simplified definition of the 
time constant as the time interval over which the indication of the measuring 
instrument is averaged. This time constant is a characteristic of a given in- 
strument that may be controlled at will by means of an appropriate dial. The 








430 WILLIAM L. RUSSELL AND S. A. SCHERBATSKOY. 

length of the time constant may be measured by making a sudden change in 
the gamma radiation, and by noting the time it takes for the pointer to pass 
through 24 of the change. Thus, if the pointer registers 3, and if a source 
of radiation is suddenly brought sufficiently close to cause it to rise eventually 
to 9, the time required for the pointer to move from 3 to 7 is the time constant. 

The time constant should be related to the speed of the traverse in such a 
way that there is sufficient time for the measurement of the thinnest or narrow- 
est zones that must be determined. Thus if the speed of walking is 4 feet per 
second, and it is desired to obtain measurements of each 20 feet of the traverse, 
the time constant could be 5 seconds. A man carrying the measurement under 
field conditions would be expected to walk about 3 miles per hour or 4 feet 
per second. It seems that the thinnest zone that would ordinarily- need to be 
measured while walking would be about 20 feet, and accordingly 5 seconds 
would be a good time constant. It is occasionally necessary to obtain measure- 
ments of thinner zones or of individual outcrops. In such cases the operator 
can walk slower or stop. 

Because of the relatively large size of the statistical fluctuations, if the 
instrument is in radiation of constant intensity the indicating meter will not 
show an absolutely constant indication, but will fluctuate about a mean. These 
fluctuations are called statistical fluctuations and their magnitude is inter- 
connected with the time constant of the instrument and its efficiency. The 
magnitude of the statistical fluctuations is indicated by the standard deviation 
or probable error of the results. 

If the number of gamma ray photon absorptions during the interval of the 
time constant is relatively small, it will have relatively large chance vari- 
ations within the period of measurement. The standard deviation of these 
variations is equal to the square root of their, number, and the probable error 
is equal to 67 percent of the standard deviation. Thus if the number of gamma 
ray photons effectively absorbed by the measuring instrument is 400 per sec- 
ond, and the time constant 4 seconds, the count during the measurement is 
1,600. The standard deviation will then be 40, the probable error 27, and the 
probable error expressed as a percentage of the total count 1.69. 

If the pointer of a surveying instrument fluctuates around a mean value of 
3.0 units in such a way that it is within and outside the limits 2.7 and 3.3 an 
equal length of time, the probable error is 0.3 unit, or 10 percent of the total. 
The probable error is inversely proportional to the square root of the number 
of counts, and also inversely proportional to the square root of the length of 
the time constant. Thus, any good instrument can be made to have a small 
probable error by lengthening the time constant. However, the more sensitive 
the instrument, the smaller the probable error with the same time constant. 

Size of the Permissible Statistical and Instrumental Errors.—The size of 
the instrumental errors that can be tolerated in surface gamma ray measure- 
ments depends on the size of the unavoidable errors from other sources. As 
explained below, errors produced by unavoidable non-instrumental causes are 
fairly large. It is desirable to keep the errors of statistical and instrumental 
origin smaller than the errors from other sources, but not a great deal smaller. 
Decreases in the size of the statistical errors generally mean increases in the 
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weight, bulk and cost of the apparatus, and it is therefore undesirable to reduce 
them beyond the point at which they cease to do harm. 

In general, the size of the unavoidable errors from non-instrumental causes 
makes it unnecessary to attain an accuracy greater than about 10 percent of 
the gamma radiation from the less radioactive rocks. This amounts to about 
0.2 to 0.5 microroentgen per hour. The anomalies that indicate valuable ore 





ey 


Fic. 1. Photograph of the smaller of the two high-efficiency radiation meters 
used in the investigation. 


deposits may be as low as 1 microroentgen per hour. The probable deviation 
required for measuring very small anomalies and rocks of very low radio- 
activity is therefore 0.2 to 0.5 microroentgen per hour. It may, however, not 
be necessary to make all the measurements to this degree of accuracy. An 
instrument that will be accurate to within 1.0 microroentgen per hour at 
speeds of three miles per hour can be used to measure very low radioactivities 
by walking very slowly, or lengthening the time constant. 
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The authors have determined that large, efficient Geiger counters are very 
satisfactory for surface prospecting. Two field instruments were used in the 
present investigation. One was 24 in. long by 3 in. in diameter, and the other 
36 in. long by 3 in. in diameter. The smaller instrument had a normal back- 
ground counting rate of 600 counts per minute, the larger 6,000 counts per 
minute. Figure 1 is a photograph of the smaller instrument. 


CALIBRATIONS AND CORRECTIONS. 
Absolute Calibration. 


Need for Absolute Calibration —The value of measurements of gamma ray 
intensity at the surface is greatly increased by expressing the results in some 
absolute unit that is independent of the local conditions and types of instru- 
ments used. When absolute calibration is used, it is possible to compare the 
results of surveys made by different types of instruments. Furthermore, some 
standard is needed to correct the variations in the same instrument over long 
periods of time. 

Method of Calibration in Microroentgens per Hour.—The most convenient 
method of calibration is by means of the radium standard ampoule supplied by 
the U. S. Bureau of Standards. . These ampoules are available for a cost of 
$3.00. The exact definition of gamma ray intensity expressed in roentgens 
per hour is still subject to slightly different interpretations, mainly because 
any shield that is interspersed between the source and detector to eliminate 
alpha and beta rays will also eliminate some of the softer gamma rays. 

For practical purposes, however, the U. S. Bureau of Standards has estab- 
lished a standard relation between the standard gamma ray source, the dis- 
tance and the radiation in microroentgens per hour. Bringing the source from 
a relatively vast distance to a distance of 108 inches increases the radiation 
intensity by 5 microroentgens per hour when the source consists of 50 micro- 
curies of radium, sealed in the Bureau of Standards Pyrex Ampule. This in- 
tensity does not differ by more than 2 percent from the intensity computed by 
other methods. The usual method of calibration of field instruments may 
comprise determining the calibration by means of the 50 microcurie source at 
108 inches and then devising a substandard that provides the same reading at 
a shorter and more convenient distance. The geometry of one of the instru- 
ments used by the authors is such that a 5 microcurie source furnished by the 
U. S. Bureau of Standards gives at a distance of 2614 inches the same indica- 
tion as a uniform radiation of 5 microroentgens per hour. When the distance 
of the source from the instrument is as short as about 2 feet the inverse square 
law can no longer be used in computing the intensity of the radiation, because 
the source will not be at the same distance from all parts of the detector. The 
instrument may therefore be calibrated twice, with the larger source at con- 
siderable distances, and with the smaller source at a small distance. The 
smaller source may then be used for checking the calibration of the instrument 
in the field. 

Relation of Counting Rate to Radiation Intensity —In making calibrations 
with the radium source, it cannot be assumed that the counting rate is directly 
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proportional to the radiation intensity. Because of coincidences the counting 
rate may be less than ten times if the intensity of the gamma radiation is in- 
creased by a factor of ten. Furthermore, defective instruments may give 
spurious counts which have little or no relation to the gamma ray intensity. 


Defining Sensitivity of Instruments. 


It is customary to express the sensitivity or accuracy of Geiger-Mueller 
type instruments in terms of the counts per minute obtained with a normal 
background. The normal background may be a laboratory or may be a situ- 
ation chosen at random in the field. The number of counts per minute ob- 
tained in various places varies with the type of rock, the field conditions, the 
altitude, and in buildings with the nature of the materials of which the building 
is composed. The normal background in one place could easily be two or 
three times that in another. Moreover, many laboratories in which work on 
radioactivity or radioactive ores is carried on are so contaminated with radio- 
active matter that the background is many times normal. If the instrumerts 
give spurious counts, these would increase the counting rate and give a false 
appearance of accuracy. It is obvious, therefore, that the best way to express 
the sensitivity would be to give the increase in counting rate for each increase 
of one microroentgen per hour in the intensity of the gamma radiation. The 
counting rates of the two instruments used in the investigation on which this 
paper is based increased 200 and 2,000, respectively, for an increase in one 
microroentgen per hour. 


Corrections for Cosmic Rays. 


The ionization due to cosmic rays increases in intensity upwards, and also 
to some extent towards the magnetic poles. Since it is necessary to subtract 
the effect of the cosmic rays in order to determine the normal intensities of 
gamma radiation from various types of rocks, it is necessary to make reasonably 
accurate determinations of this effect of cosmic rays. If the measurements are 
all at about the same elevation, one determination at the elevation will suffice, 
but if there is a considerable range in the elevations in the area surveyed, it 
is desirable to measure the effect of the cosmic rays at the highest and lowest 
elevations, in order to determine the rate of change upwards. 

The most convenient method of determining the approximate effect of the 
cosmic rays is to read the instruments in a small boat or canoe on a lake at a 
distance from the shores. The lake should be 6 feet or more in depth at the 
point at which the readings are made, and the shores should be either low and 
flat or very distant. Since the gamma radiation from fresh water is negli- 
gible, the readings under these conditions would be affected only by the cosmic 
rays, by the spurious counts, if any, and the slight radiation due to the boat, 
the observer and the shores. 

The cosmic ray effect on the instruments used in the investigation was 
measured by taking readings on the following lakes: Country Club Lake at 
Bryan, Texas, at an elevation of about 300 feet, the lake at City Park, Denver, 
Colorado, at an elevation of about 5,250 feet, and Barren Lake on Grand Mesa, 
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TABLE I. 
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Effect of cosmic rays, in microroentgens per hour equivalents 
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Colorado, at an elevation of roughly 10,000 feet. The results are given in 
Table I, the results being given in ionization equivalents of microroentgens 
per hour. 

These results emphasize the marked differences in the ionization due to 
cosmic rays in instruments of different types. The ionization due to cosmic 
rays has been subtracted from the gamma ray measurements given below, 
except those in mines and tunnels. The ionization due to cosmic rays is so 
reduced by passing through overburden that it becomes negligible a short 
distance within the mouths of shafts and tunnels. 


Corrections for Solid Angle. 


In order to make satisfactory interpretations of gamma ray measurements, 
it is necessary to understand the role of solid angles in determining the effects 
on ionization of objects of various apparent sizes. The solid angle of an object 
is enclosed by lines running from the point of observation to all the boundaries 
of the object. On a flat surface, the solid angles of the sky and the ground 
are equal. If there were no effects due to weathering, to cosmic rays, or to 
the scattering of the gamma rays in air, the intensity of the gamma radiation 
would be approximately doubled on entering a cave of the same material. 
Under the same conditions, the gamma radiation would be increased about 50 
percent by leaving the flat surface and entering a gulley in which half the sky 
is visible. Where the ionization due to the cosmic rays is less than the ioniza- 
tion due to the rocks, the ionization will be greater in concave depressions than 
on flat surfaces or areas where the surface is convex. Except at high altitudes, 
the ionization due to cosmic rays measured by the instruments used was nearly 
always less than the ionization produced by gamma rays from the rocks. 

The situation may be clarified by considering points A, B and C in-Figure 
2, which is a vertical cross-section through a flat surface and a depression. 
At point A on the flat surface, the sky and ground are visible over equal solid 
angles—that is, the apparent areas covered by each is the same. At B the 
sky covers the zone between the angle WBY in the plane of the cross-section. 
At C the sky is visible in the plane of the cross-section only within the angle 
YCW, and radiations from the rock are being received from a much larger 
zone. 

If a gulley or other depression is less than a hundred feet or so across, and 
if the ionization due to cosmic rays is less than that due to the rocks, as is 
generally the case, the radiation will increase on going from a flat surface into 
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the depression, and will be at a maximum at the bottom, if the sides are 
straight. If, however, the distance to the opposite side of the depression is as 
much as half a mile or more, the absorption of the gamma rays in the air is so 
large that the ionization due to the opposite side is negligible. Under such 
conditions, readings on the slope, as at B in Figure 2, will be practically the 
same as at A. 

The solid angle factor affects the interpretations of gamma ray surveys in 
recognizing anomalies, and in determining the radiation intensities of various 
rocks. The solid angle effect can of course not increase the normal readings 
over 100 percent, but some important anomalies may be only 50 percent greater 

















Fic. 2. Vertical cross-section through a flat surface and a depression, to illustrate 
the principles involved in estimating solid angles. 


than normal. In giving the normal radiation from rocks, the radiation from 
a flat surface should be considered the standard or normal, and the observed 
radiation should be corrected to the radiation from a flat surface by estimating 
the solid angle effect. 

It has been found by experience that the solid angles of objects directly 
beneath the observer tend to be underestimated. On relativly flat surfaces, 
most of the radiation comes from the ground beneath the observer, and on 
roads most comes from the roadbed. The solid angles of cliffs and the sides 
of cuts are surprisingly small compared to the solid angles of areas just be- 
neath the instrument. 


The Relation between Microroentgens per Hour and 
Radium Equivalents per Gram. 


It is very desirable to know the relation between the measurement gamma 
radiation of rocks, expressed in microroentgens per hour, and the radioactivity 
of the rocks. 

Radium equivalents are generally expressed in 10-** grams of radium per 
gram of rock, because this happens to be the order of magnitude of the radium 
content. The term radium equivalent, as used in this paper, involves two 
ideas. In the first place, it is assumed that the radium is in equilibrium with 
its products. In the second place, it is assumed that the gamma radiation is 
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all produced by members of the uranium-radium series. The radium equiva- 
lent does not indicate how much radium is actually present, but the content of 
radium cannot be greater than the radium equivalent. Russell? has published 
measurements of the radioactivity of a large number of sedimentary rocks 
expressed in terms of their radium equivalents. If the relations between 
microroentgens per hour and radium equivalents were known, the results of 
laboratory measurements and radioactivity well logging could be used for inter- 
preting surface gamma ray measurements. By comparing the results of meas- 
urements of gamma ray intensity expressed in microroentgens per hour with 
laboratory measurements for the same type of rocks, a rough estimate may be 
made of the relation between the two units. It thus appears that if the meas- 
urements were made immediately above a level surface one microroentgen per 
hour would be produced by rocks containing about 2 x 10-** radium equiva- 
lents per gram of rock. This implies that in an empty bore hole or mine work- 
ing roughly one microroentgen per hour of gamma radiation would be pro- 
duced by rock containing 1 X 10-** radium equivalent per gram of rock. At 
the present time these estimates of the relation between microroentgens per 
hour and radium equivalents are only guesses. 


THE EFFECTS OF FIELD CONDITIONS. 


The Role of Weathering and Solution —The effects of weathering and solu- 
tion on gamma ray measurements are large and difficult to evaluate. The 
gamma rays from the rocks and soils are produced almost entirely by potassium 
and by members of the uranium and thorium radioactive series. The effects 
of solution and weathering differ among these series, and also among the dif- 
ferent radioactive elements of each series. The type of mineral in which the 
radioactive elements occur also influences the manner in which the deposits 
react to weathering, since some radioactive minerals are considerably more 
soluble than others. The effect of weathering on ore deposits of the radio- 
active elements is quite different from its effect on the same radioactive ele- 
ments in the very low concentrations in which they are present in ordinary 
rocks. In arid and semi-arid climates in localities of moderate relief granitic 
rocks may be broken up to gravel and transported many miles by streams with- 
out losing much of their original radioactivity. In such areas the gravel, allu- 
vium and soils derived from granites are likely to have a relatively high radio- 
activity and will emit a relatively strong gamma radiation. In humid regions 
the radioactive elements are more readily removed, and the residual soils are 
of relatively low radioactivity. 

The ore deposits of potassium do not need to be considered in the present 
connection, since they are highly soluble evaporites that rarely outcrop. The 
chief ore mineral of thorium, monazite, is evidently very resistant to weathering 
and solution, since it occurs in placer and beach deposits. On the other hand, 
the pitchblende veins and carnotite-type deposits, which are the most impor- 
tant sources of uranium, are very sensitive to solution and weathering. 


1 Russell, W. L., The total gamma ray activity of rocks as indicated by Geiger Counter 
determinations : Geophysics, vol. 9, pp. 180-216, 1944. 
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It is this susceptibility of the uranium ores to weathering that greatly com- 
plicates the interpretation of surface anomalies in gamma radiation. Generally 
the outcrops of the ore deposits have been weathered to such an extent that 
the content of uranium is less than it is at depth. In some cases there is only 
a moderate increase in the uranium content with depth, whereas in other areas 
there is a great increase. The correct interpretation of the gamma ray anoma- 
lies involves the accurate estimation of the effects of weathering and solution 
near the surface. 

It might be supposed that the extreme insolubility of radium in waters 
containing sulphates would prevent the reduction in radioactivity of ore de- 
posits by solution near the surface. It is possible that this condition does 
retard the loss of radioactivity where the deposits are being eroded very rap- 
idly. However, in the case of most deposits, the lowering of the surface by 
erosion probably takes place so slowly that the radium has time to disappear 
by radioactive decay after the removal of the uranium and ionium by solution. 
At any rate, there is no doubt that the radioactivity of many ore deposits of 
uranium is greatly reduced by solution near the surface. 

The Absorption of Gamma Rays in Various Media—A knowledge of the 
thicknesses of rock, soil, water and air required to reduce the original intensity 
of the gamma rays from rocks and radioactive ore deposits to half value would 
be of value in prospecting. The writers have been unable to find definite, reli- 
able statements of these quantities in the literature. From the results of field 
work and other considerations it appears that the half value thickness is about 
2 to 4 inches for rocks, 1% to 1 foot for water, and several hundred feet for air. 
This absorption of the rays is of course separate and distinct from the decrease 
with distance of the radiation due to a point source, known as the inverse 
square law. A knowledge of the absorption in air would be of especial impor- 
tance for interpreting the results of gamma ray surveys from aircraft, which 
have been made over extensive areas. Because of air absorption, the gamma 
radiation from ordinary rocks and soils over half a mile away is so slight that 
it can be neglected. The decrease of radiation on high bridges and tressels is 
partly due to air absorption. For example, the suspension bridge over the 
Royal Gorge of the Arkansas River in Colorado is 1,260 feet long and 1,053 
feet above the river. The readings at the middle of the bridge, including cos- 
mic rays, are about half the readings on both sides. Apparently the air absorp- 
tion has cut the gamma radiation from the rocks down to about 14 normal. 

The Effect of Cover, Soil and V egetation—The gamma rays from ordinary 
bed rocks are reduced to negligible intensities by passing through two or three 
feet of soil. Hence it is the radioactivity of the soil, and not that of the bed 
rock, which determines the gamma ray intensity at the surface in most soil 
covered areas. In arid regions where the residual soils are not much less 
radioactive than the rocks from which they were derived, the gamma ray 
intensity in areas covered by these soils may be a good guide to the radio- 
activity of the rocks beneath. In humid regions of low relief, such as most of 
the Gulf coastal region, the gamma radiation from the soil is generally low 
and monotonously uniform. In such areas measurements of gamma ray in- 
tensity on soil-covered areas give no indications of the radioactivity of the rocks 
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beneath, and the radioactivity of the bed rock must be determined from rela- 
tively fresh exposures. Since vegetation, peat and muskeg are also of low 
radioactivity, measurements of gamma ray intensity over such deposits will 
not reveal anomalies in the radioactivity of the underlying rocks unless the 
vegetable matter is very thin or radioactive matter derived from the underlying 
rocks is mixed with it. 

The intensity of the background or average gamma radiation in areas out- 
side the cities is determined by the character of the soil and the amount of leach- 
ing and chemical decomposition that have taken place. The background radi- 
ation is considerably higher in the southern Rocky Mountains, Colorado Pla- 
teau, Davis and Chisos Mountains of West Texas and the Llano region of 
central Texas, than it is in the Gulf coastal plain. Some of this higher radi- 
ation intensity is due to the effect of cosmic rays, which increase with altitude. 
However, in the case of the large instrument used in the present investigation, 
most of the increase in areas not more than about 6,000 feet above sea level 
was due to geologic conditions, and not to cosmic rays. 

Estimating Radiation Intensity—lIn estimating the radiation intensity of 
rocks from field measurements, it is necessary to subtract the effect due to 
cosmic rays at the elevation and latitude of the measurement. The solid angle 
effect must also be allowed for, and the observed results corrected to the read- 
ing that would be obtained on a flat surface. By far the most difficult correc- 
tion is that due to weathering and solution. No rule can give the exact amount 
of correction due to this cause, but the relation of the radiation from similarly 
weathered ores to that from unweathered ores in the same area may throw 
light on the problem. Under ordinary conditions most of the errors in inter- 
preting the results of surface gamma ray surveys are due to the unavoidable 
errors produced by estimating the effects of weathering. 


NORMAL RADIATION FROM VARIOUS ROCKS, 


For a number of reasons it is important to know the normal radiation, ex- 
pressed in microroentgens per hour, when the measurements are made imme- 
diately above a level surface. The anomalies in radiation that may indicate 
the presence of subsurface ore deposits cannot be recognized unless the normal 


TABLE II. 


Gamma radiation of the common rocks, when the measurements are made imme- 
diately above a level, unweathered surface. The results are expressed in micro- 
roentgens per hour. 


Sandstones 1 to 7, generally 1.5 to 4 

Limestones 1 to 3 

Chert 1 to 3 

Shale 2 to 7, generally 4 to 6 

Oil shale (one test) 8 

Dark igneous rock 3 to 6 

Granite and other light colored igneous rocks 5 to 12 
Schist and gneiss 0.8 to 8, generally 3 to 7 

Volcanic ash 4 to 7 
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radiation is known. A knowledge of the normal radiation from various rocks 
is also useful for interpreting radioactivity well logs. 

The normal radiation intensities of the various rocks given in Table II are 
estimated for level surfaces of unweathered rock. Furthermore, the effect of 
cosmic rays has been deducted. 

The determinations on which Table II is based were made in the Gulf 
Coast, Llano region and trans-Pecos areas of Texas, the southern Rocky 
Mountain region and Colorado Plateau. Although a large number of meas- 
urements were made along several thousand miles of traverses, the regions 
examined are too limited to give conclusive data on the ranges and averages 
of the gamma radiation from various rocks. The same type of rock varies in 
radioactivity from one region to another to such an extent that the figures 
given in Table II might be changed considerably if the measurements were 
much larger in number and scattered all over the earth’s surface. The most 
radioactive type of common sedimentary rock is bituminous marine shale, and 
it should be noted that no rocks of this nature are included in Table II. The 
oil shale in the table is from the U. S. Bureau of Mines mine at Rifle and is 
non-marine. 

The determinations on igneous and metamorphic rocks suggest that later 
intrusions in an area are likely to be more radioactive than the earlier intrusive 
igneous rocks. The latter in turn are on the average more radioactive than 
the metamorphic rocks they intrude. Pegmatite dikes are generally either of 
about the same or slightly higher radioactivity than the granites they cut. The 
highest radioactivities in both the Llano area and the southern Rocky Mountain 
region are found in relatively small dikes of silicic igneous rock that may be 
later than the large granite intrusions of lower radioactivity. These dikes 
are certainly later than the igneous and metamorphic rocks of lower radio- 
activity which they cut. 


THE RELATION BETWEEN SURFACE AND SUBSURFACE GAMMA RADIATION, 


The intensity of surface and subsurface gamma radiation from the same 
rocks differs because of the effects of the solid angle and the cosmic rays. In 
mines and wells the radiation would be about twice as much as on a flat sur- 
face, if there were no effect of cosmic rays. The effect of the cosmic rays on 
the ionization appears to be reduced to negligible quantities by 25 or 50 feet 
of overburden. On the road to St. Mary’s Glacier about 10 miles west of 
Idaho Springs, Colorado, there is an abandoned mine tunnel about 300 feet 
long known as Seeman tunnel. The elevation is around 9,000 or 10,000 feet. 
Outside the tunnel the ionization, including the cosmic ray effect, is equivalent 
to the ionization from 12 to 16 microroentgens per hour. This is measured 
on weathered rock and talus. A short distance inside the tunnel, where the 
cosmic ray effect has been removed by the overburden, the radiation is only 1.6 
microroentgens per hour opposite a grayish-black hornblende gneiss. A few 
feet farther from the mouth the radiation rises to 32 microroentgens per hour 
opposite an acidic dike. Farther in the readings again drop to 8 microroent- 
gens per hour. 
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GAMMA RAY ANOMALIES AND THEIR RECOGNITION, 


The term anomaly as used in this paper means a gamma radiation that is 
unexpectedly large for the type of rock and field conditions with which it is 
associated. Anomalies of this nature are of course of great practical interest, 
for they may be an indication of deposits of radioactive ore. Because of the 
removal of the radioactive elements by weathering and solution, the surface 
anomalies in the vicinity of radioactive ore deposits may be by no means large. 
In fact, if they occur on rocks such as sandstones, which are usually of low 
radioactivity, the anomalies which indicate ore may be lower in microroentgens 
per hour than the normal readings of a rock of high radioactivity, such as 
granite. The recognition of anomalies in gamma radiation is also discussed 
in a booklet published by United States Atomic Energy Commission and 
United States Geological Survey.” 

It is a mistake to suppose that the largest anomaly or highest gamma ray 
intensity associated with valuable ore deposits generally occurs directly over 
the ore. If the ore is in veins, the anomalies may occur along the outcrops of 
the veins, or along small mineralized zones and veinlets in the general vicinity 
of the main veins. Where the veins are composed of material that is easily 
eroded or decomposed, a depression covered with soil or loose material may 
mark the surface trace of the ore deposits. In such cases there may be no 
anomalies directly over the veins, but abnormally high readings may be found 
in the more resistant rocks that crop out in the general vicinity of the deposits. 
Where such anomalies occur, they justify a careful examination of the region, 
even though the radioactive ores, if they exist, may lie at some distance from 
the anomalies. Anomalies related to ore bodies in sandstones, such as the 
carnotite-type deposits of the Colorado Plateau, occur at the outcrop of the 
ore-bearing strata, and not directly over the ore. The anomalies may cover 
a very small area along these outcrops. 

The readings which indicate the anomalies are generally too erratic and 
variable to be contoured. Furthermore, they generally cover only a small 
area. In some cases, however, the anomalies cover a sufficiently large area to 
be contoured on large scale maps. Since soil and weathered rock may reduce 
or conceal the anomalies in the unweathered rock, it may be desirable to limit 
the readings used in contouring to those over exposures of relatively un- 
weathered bed rock. It should not be supposed, however, that no anomalies 
of value are found over soil or superficial material. On the contrary, deposits 
of radioactive ores are sometimes revealed by anomalies in the overlying un- 
consolidated material. 

Many of the significant anomalies are too small in area to be detected by 
gamma ray surveys from an aircraft. However, there are a few anomalies in 
radioactivity which cover such a large area that they could be found by air- 
borne surveys. An airborne instrument is exposed to gamma radiation from 
such a large area of the ground surface that anomalies of ordinary size would 
not be recognized because they would be averaged in with the radiation from 


2 Anonymous, Prospecting for Uranium, published by U. S. Atomic Energy Commission and 
U. S. Geological Survey, Government Printing Office, Washington, D. C., 1949. 
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this large area. Whether an anomaly could be detected from the air would 
depend on the height of the aircraft above the ground, the area of the anomaly 
and the difference of the radiation from normal. Airborne surveys of gamma 
ray intensity have been made of a large area on the Colorado Plateau, but the 
results have not been made public. 

In regions in which radioactive ores have been mined, great care must be 
exercised to distinguish artificially produced anomalies from those which were 
there before the excavations began. The effect of mining is to produce an 
anomaly in surface gamma radiation which is enormous compared to ordinary 
natural anomalies. Roads over which radioactive ore has been hauled com- 
monly show anomalies where pieces of ore have fallen, and in many cases the 
radioactive material has been covered by the pavements or incorporated in 
them. For example, a large anomaly was found in the streets of Central City, 
Colorado, near which some pitchblende has been mined. Because of the fresh 
and unaltered nature of the rocks, mine dumps are likely to show much larger 
anomalies than are found in areas that have not been disturbed artificially. A 
promising and relatively easy way to prospect for radioactive ores is to make 
gamma ray surveys of mine dumps. 


THE USES OF SURFACE GAMMA RAY MEASUREMENTS. 


Interpreting Radioactivity Well Logs.—Generally subsurface studies and 
laboratory measurements of samples are relied on for developing the interpre- 
tation of natural gamma ray or radioactivity logs of wells drilled for oil and 
gas. However, in some cases surface measurements in the field furnish data 
not easily obtained in other ways. Igneous and metamorphic rocks, tuff and 
bentonite are more readily measured at the surface. The great advantage of 
the surface measurements in this connection is that the rocks which produce 
various gamma ray intensities can be observed and studied immediately. In 
the case of some rocks, many more occurrences are available for study at the 
surface. It may be difficult or impossible to secure subsurface samples corre- 
sponding to given depths in particular radioactivity logs. In interpreting 
radioactivity logs, in a section known to consist of sandstone and shale, the 
less radioactive strata are assumed to be sandstones and the more radioactive 
shales. However, a number of formations are known in which the shales are 
not more radioactive than the associated sandstones. Unless this condition 
is recognized, errors in interpretation will result. The relative radioactivities 
of sandstones and shales may be readily determined by walking over the 
exposures with a sufficiently sensitive instrument, and the knowledge thus 
gained may be of value in interpreting logs of these formations where they are 
drilled for oil and gas. For example, surface measurements show that there 
is little difference in the gamma radiation from many of the sandstones and 
from associated shales in the Jackson (Eocene) series of Brazos county, Texas. 

Research Relating to the Source and Mode of Origin of Radioactive Ores.— 
Surface measurements of gamma ray intensity may aid in solving problems 
relating to the origin of radioactive ore deposits. One question that might be 
answered by surface surveys is whether the igneous rocks from which the 
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radioactive elements were derived are of unusually high radioactivity. Some 
observations suggest that this is the case. The site of a small deposit, of 
thorium and uranium minerals known as Barringer Hill is located beneath 
Buchanan Lake, Llano and Burnet counties, Texas. The highest readings 
observed in Texas, 24 microroentgens per hour, were on small granite dikes 
in the closest exposures to the deposit, on the west shore of the lake. Pitch- 
blende has also been found in mines near Central City and Carabou, Colorado. 
These mines are located in an area in which there are also dikes of unusually 
high radioactivity. This association of radioactive minerals with highly radio- 
active dikes may be due merely to chance, but it suggests that the problem is 
worth study. 

According to Fischer* and Bain‘ the uranium deposits of the Colorado 
Plateau were deposited by ground water, probably at shallow depths. The 
deposits are scattered over a great area, but occur in sandstones, conglomerates 
and associated shales in three formations, the Shinarump (Upper Triassic) 
and Entrada (Upper Jurassic), and the lower or Salt Wash member of the 
Morrison (uppermost Jurassic). The uranium was presumably carried to 
its present position in solution in streams or in ground water moving at shallow 
depths, and the precipitation may have been aided by chemical conditions or 
by the high concentration of uranium in the waters. The uranium was de- 
rived originally from rocks that were being eroded to furnish sedimentary de- 
posits in which the ores occur. This raises the question as to whether this 
source area was unusually rich in uranium, or whether the source area was 
of normal uranium content, and the concentration and precipitation were due 
entirely to climatic and chemical conditions. It seems that the formation of 
the deposits would be favored by a uranium-rich source area, thus enabling 
the solutions to start at a higher concentration. 

One way to determine the direction of source of the deposits would be to 
study the direction of dip of the cross-bedding in a large number of exposures 
of the ore-bearing sandstones. Information as to the direction of these dips 
is not at present available. Another method would be to study the general 
paleogeographic conditions at the time of deposition of the Shinarump, Entrada 
and Morrison formations. The paleogeography of the Rocky Mountain and 
Colorado Plateau region during the Triassic and Jurassic periods has been 
recently discussed by Eardley ° and Heaton. During the Triassic and Juras- 
sic periods there was a zone of subsidence and thick accumulations of sedi- 
ment, which extended in a north-northeasterly direction across the central 
portion of Utah. Marine deposits were laid down in this trough at times 
during the Triassic and Jurassic, but the sea does not seem to have been present 
in this area during the deposition of the Shinarump, Entrada and Morrison 

3 Fischer, R. P., Uranium-bearing deposits of the Colorado Plateau: Econ. Grot., vol. 45, 
pp. 1-11, 1950. 


4 Bain, George W., Geology of the fissionable materials: Econ. Grot., vol. 45, pp. 274-323, 
1950. 

5 Eardley, A. J., Paleotectonic and paleogeologic maps of Central and Western North 
America: Am. Assoc. Petroleum Geologists Bull., vol. 33, pp. 655-682, 1949. 

6 Heaton, Ross L., Late Paleozoic and Mesozoic history of Colorado and adjacent areas: 
Am. Assoc. Petroleum Geologists Bull., vol. 34, pp. 1659-1698, 1950. 
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strata. During the Triassic and Jurassic periods the Ancestral Rocky Moun- 
tains were being eroded and furnishing sediments to the adjoining regions. 
The largest range of the Ancestral Rocky Mountains was along the present 
position of the Front Range. 

The paleogeographic relations suggest that the source of the Triassic and 
Jurassic formations of the Colorado Plateau was in the Ancestral Rocky 
Mountains and in other areas far to the south, southeast and east. Except 
for the Ancestral Rockies, eastern Utah and Colorado were covered by Triassic 
and Jurassic sediments, and there is no other nearby source for great volumes 
of deposits. It is possible, however, that at intervals during these periods 
streams flowed across the basin of deposition from the Triassic and Jurassic 
mountains which were undergoing erosion in Nevada and Idaho. 

Since it appears likely that the Ancestral Rocky Mountains could have fur- 
nished some sediments to the strata that now contain uranium ores, it is inter- 
esting to note that the rocks of the northern part of the Ancestral Rockies 
along the front range are unusually radioactive. It is difficult to strike an aver- 
age of rocks that vary so greatly, but it appears that the Precambrian rocks of 
the Front Range from Loveland Pass to the Rocky Mountain National Park 
run about 50 percent more radioactive than is normal for igneous and meta- 
morphic rocks. The gamma radiation from some granite dikes in this area 
is four or five times as great as the radiation from the average granite. Of 
course the measurements did not indicate whether uranium or thorium were 
producing the radiation. 

It is probable that it is the average uranium content of the eroded rocks 
over large areas which is important in determining whether they make good 
source materials for uranium. For this reason, thin or localized deposits rich 
in uranium, such as pitchblende veins and the phosphatic uranium deposits of 
the Phosploria formation, may not be of much significance in this connection. 
Whether the high radioactivity of the rocks composing the Ancestral Rocky 
Mountains is of any importance in determining the source of the uranium 
cannot be determined without additional information. If the deposition of ura- 
nium ores in strata derived from rocks of high radioactivity is favored, one 
would expect some tendency of the deposits to cluster around the Ancestral 
Rockies. 

The Discovery of Large, Low Grade Uranium Deposits.——It is generally 
supposed that after the rich uranium ores in veins and carnotite-type deposits 
are exhausted, the main source of uranium will be in low grade accumulations 
in marine bituminous shales and phosphatic strata. However, the measure- 
ments of gamma ray intensity suggest that light-colored igneous rocks such as 
granites and felsites may constitute important sources of low grade deposits. 
The highest reading observed was 42 microroentgens per hour, on a granite or 
aplite dike about one-half mile southwest of Silver Plume, Colorado. While 
the relation between the units used in Russell’s laboratory determinations and 
the radiation expressed in microroentgens per hour is not yet accurately known, 
it appears that this granite has about as much. radioactivity as the marine 
bituminous shales. Moreover, igneous rocks of higher radioactivity are likely 
to be found. 
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The Detection of Anomalies in Gamma Radiation—The most important 
use of gamma ray measurements at the surface is the detection of anomalies 
in gamma ray intensity. These anomalies, when properly interpreted, are a 
very useful guide to valuable uranium or thorium ore deposits. It might be 
supposed, in view of the great publicity given to uranium exploration recently, 
that the exploration for uranium would be nearing completion. Actually, 
however, the search of all the areas that might possibly contain uranium ores 
is a tremendous task, which is just getting well under way. Moreover, the 
gamma ray surveys cannot be used intelligently to find ores until the interpre- 
tation of the anomalies is understood. This is the most difficult problem con- 
uected with uranium exploration by gamma ray surveys. 


THE INTERPRETATION OF GAMMA RAY ANOMALIES. 


Perhaps the most important point about the gamma ray anomalies that indi- 
cate radioactive ore deposits is that the radiation intensity in the anomalies is 
commonly not high. Of course extremely high readings do indicate valuable 
ore deposits, but generally the radioactive elements have been removed by 
soluticn and weathering at the outcrop of an ore body, with the result that 
there may not be enough radioactivity left at the surface to produce high 
gamma radiation. In rocks of low radioactivity, the anomalies are likely to 
be much lower in absolute magnitude than the anomalies in rocks of high 
radioactivity. The anomalies indicating ore bodies in sandstones may be 
much lower in microroentgens per hour than the normal readings on highly 
radioactive rocks such as granite. 

The radiation intensities that indicate anomalies are enough larger than 
the normal radiation from the rocks so that they are not confused with ordinary 
random variations. In the case of one rock type, the average radiation inten- 
sity might be 3 microroentgens per hour, and the extreme variations not pro- 
duced by mineralization 2 to 4 microroentgens per hour. Then any reading 
over 4 microroentgens per hour would constitute an anomaly. Another for- 
mation or rock type might have a normal variation from 8 to 12 microroentgens 
per hour, in which case any reading over 12 would be an anomaly. These 
measurements are assumed to be corrected for topography or made in areas 
where the correction for topography is the same. Of course apparent anoma- 
lies due to topographic conditions must be carefully distinguished from true 
anomalies due to the variations in the radioactivity of the rocks. 

The significance of an anomaly in terms of richness of ore has in some cases 
little or no relation to the size of the anomaly. It is the amount of solution 
and weathering, and not the original uranium content, which determines the 
magnitude of the surface anomaly. If solution has been active for a long time, 
all traces of the ore might be removed at the outcrop, and no anomaly at all 
would be observed at the surface. 

In the Colorado Plateau region most of the deposits that have been devel- 
oped commercially appear to have been discovered by observing the canary- 
yellow stains or other mineralogical evidence. These indications are pros- 
pected by shallow drilling back of the outcrop, and by shafts and tunnels, 
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Some ore deposits have been found by gamma ray surveys, but it appears that 
the use of this method of exploration is just commencing. 

The anomalies associated with the uranium deposits of the southern Rocky 
Mountains and the Colorado Plateau illustrate the difficulties involved in inter- 
pretation. These difficulties may be illustrated by the description of the types 
of anomaly associated with ore deposits in three areas. The ore mined at 
Calamity and Outlaw, southeast of Gateway, Colorado, occurs in the sand- 
stones and shales of the Salt Wash member of the Morrison formation. Most 
of the gamma ray readings at the outcrops of the sandstones that contain the 
uranium ore under cover show only normal readings. However, a few anoma- 
lies were observed, the readings running 50 to 100 percent over the normal 
values for the rocks or soils in which they were found. These anomalies were 
found on clayey and shaly soils rather than on bare sandstones. The readings 
were no higher than 8 to 10 microroentgens per hour on undisturbed surface 
exposures, but were as high as 13 microroentgens per hour in a shallow pros- 
pect pit. No staining or other mineralogical indication of ore was observed 
in the exposures that showed the anomalies. The ore occurs in flat-lying 
strata on top of the Unconpragre uplift. The conditions are probably un- 
usually favorable for prolonged leaching and reduction of the surface anomalies. 

Monument Valley No. 2 mine is located on the Navajo Indian Reservation 
in Arizona south of San Juan, Utah. The ore is in the Shinarump Conglom- 
erate. Natural anomalies as high as 19 microroentgens per hour were ob- 
served on the uncontaminated surface on one side of the mine, and readings of 
15 microroentgens per hour on the other. These readings were taken immedi- 
ately above the ground surface and are not corrected for topography. The 
anomalies are much larger, more conspicuous and closely spaced in this deposit 
than in the vicinity of Outlaw and Calamity. The reason is probably that the 
ore has been subjected to less leaching. The anomaly in the vicinity of Monu- 
ment Valley No. 2 could readily have been found by surface surveys, but the 
anomalies near Calamity and Outlaw could have been found only by very de- 
tailed and closely-spaced surface measurements. 

Another anomaly amounting to 20 microroentgens per hour occurs on the 
east side of the Rocky Mountains near where the road crosses the “Dakota” 
hogback about 2 miles southeast of Mt. Morrison, Colorado. The rocks pro- 
ducing the high readings are sandstones and shales. The dips are at high 
angles, and since the deposit crops out on a steep hillside, it may be assumed 
that the leaching of the deposits has been less than at Outlaw, Calamity and 
Monument Valley No. 2. No deposits of uranium have been developed com- 
mercially in the vicinity of Morrison, Colorado, as far as known. If the 
anomaly near Morrison does not indicate a commercial deposit, three condi- 
tions are represented by the anomalies discussed. At Calamity and Outlaw 
very slight anomalies are associated with valuable ore, and there has apparently 
been prolonged leaching. At Monument Valley No. 2 fairly large anomalies 
are associated with commercial ore, and there seems to have been moderate 
leaching. At Mt. Morrison a large anomaly is presumably associated with a 
non-commercial deposit, and the leaching has apparently been less effective 
than in the case of the other localities. 
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These observations indicate the difficulties involved in interpreting the 
anomalies. It is necessary to consider the effects of topography, time, ground 
water conditions, the speed of erosion, the solubility of the ore minerals and 
the permeability of the deposits. Presumably the best interpretations will be 
based on the results of testing other anomalies under similar conditions, 


CONCLUSIONS. 


1. Measurements of surface gamma ray intensity are best expressed in 
microroentgens per hour. 

2. The instruments most suitable for making gamma ray measurements for 
uranium exploration should be capable of measuring the ordinary gamma ray 
activity of rocks at ordinary walking speeds to within about 10 percent. 

3. Although surface gamma ray measurements are very useful for finding 
uranium ores, their value depends mainly on the accuracy with which the 
anomalies are interpreted. 

4. An anomaly in gamma ray intensity consists in radiation that is abnor- 
mal for the type of rock or particular formation present. Of course the field 
conditions must be taken into consideration in deciding whether or not an 
anomaly is present. 

5. The significance of an anomaly with regard to the presence of valuable 
ore does not depend solely on its numerical value, even when the effect of 
topography is eliminated. The degree of weathering, the effect of climate and 
solution, and the effect of ground water conditions must all be considered in 
making interpretations of the anomalies. 
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SCIENTIFIC COMMUNICATIONS 


FORMATION OF SOCIETY OF MINING GEOLOGISTS 
IN JAPAN. 


Following many months of discussion and planning on details of organiza- 
tion, membership, and functions, the initial meeting of the new Society of 
Mining Geologists was held in Tokyo on 24 March 1951 in the Japanese Min- 
ing Institute auditorium. With 77 charter members present and 114 others 
represented by letter of proxy, the meeting was opened by a short program of 
talks followed by election of officers. 

The Society will be a division of the Geological Society of Japan but will 
be independent as far as finances, publications, and programs are concerned. 
At least two years of research or practical experience in mining geology after 
graduation from a professional geology department in a University, or more 
than seven years practical experience in mining geology will be required to 
qualify for membership. The organization will cover both fuel and non-fuel 
mining geology. A quarterly journal is contemplated. Funds permitting, 
the Society plans to sponsor field refresher courses in mining geology, sym- 
posiums, and the publication of special technical papers. 

During the general meeting the following papers were presented : 


1. The Organization of the Society of Mining Geologists, Mr. Rokuro 
Yagyu, newly elected president of the Society and Standing Auditor, Nippon 
Mining Co. KK. 

2. Iron and Manganese Ores of Brazil, Dr. Charles F. Park, Jr., Stanford 
University, now on duty with the Natural Resources Section, General Head- 
quarters, Supreme Commander for the Allied Powers. 

3. Mining Geology and Exploration for Ores, Dr. Shigeru Nishio, Tokyo 
University. 

4. A Glimpse of the Mineral Resources of India, Dr. Tomofusa Mitsuchi, 
Director, Geological Survey of Japan. 


Officers elected to serve an initial term of six months were: 


President: Rokuro Yagyu, Nippon Mining Co. 

Executives: Giichi Horikoshi, Secretary; Shoichiro Nishizawa, Treasurer; 
Takeo Watanabe, Publication; Tikawo Nishiwaki, Program; Tatsuo Tatsumi, 
Membership. 

Councilors: Giichi Horikoshi, Japanese Geological Survey; Takeo Wata- 
nabe, Tokyo Univ.; Shigeru Nishio, Tokyo Univ.; Manjiro Watanabe, 
Tohoku Univ.; Tikawo Nishiwaki, Mining and Geology Dept., Kamioka 
Mining and Smelting Co.; Jun Suzuki, Hokkaido Univ.; Nobuo Katayama, 
Tokyo Univ.; Motoo Sato, Geological Survey; Ichiro Saga, Geologist, Toho 
Zinc Co.; Kameki Kinoshita, Kyushu Univ.; Tomofusa. Mitsuchi, Director, 
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Japanese Geological Survey ; Shuichi Tashiro, Standing auditor, Mitsui Min- 
ing Co.; Rokuro Yagyu, Standing auditor, Nippon Mining Co.; Shozabtiro 
Nishizawa, Exploration Dept., Nippon Mining Co.; Teiji Kamiyama, General 
Manager, Ani Mine, Furukawa Mining Co.; Tatsuo Tatsumi, Tokyo Univ.; 
Shichiro Wada, Research Laboratory, Taihei Mining Co.; Shinzaburo Noda, 
Engineering Dept., Besshi Mining Co.; Kanji Asada, Research Laboratory, 
Taihei Mining Co.; Shuichi Iwao, Japanese Geological Survey. 


Because of transportation difficulties and slow mail service most of those 
sending membership applications, numbering more than 500, were not repre- 
sented. For this reason the present panel of officers will serve for only six 
months, after which a general election will be held to select officers for the 
normal 12-month term. 

Hope was expressed by the members that mutually beneficial relationships 
can be established with the Society of Economic Geologists. 














REVIEWS 


Economic Aspects of Atomic Power. By Sam H. Scuurr AND Jacop Mar- 
SCHAK. Pp. xxvi-+ 289; tbls. 32; maps 4; graphs 2. Princeton University 
Press, Princeton, N. J., 1950. Price, $6.00. 


This book is a study of the economic effects which might result from the indus- 
trial use of the heat derived from controlled nuclear fission. The generation of 
electricity and district residential heating are considered to be the two most promis- 
ing uses of nuclear heat. The hypothetical cost of the production of electrical 
power by the transformation of energy derived from nuclear fission is estimated 
and compared with the present costs of hydroelectric and thermal-electric power. 
It is concluded that the cost of generating power from conventional sources ranges 
from considerably less than the estimated minimum cost of atomic power to about 
the maximum cost. Electricity generating costs, developed and potential water- 
power resources, coal and petroleum reserves, and population distribution are very 
effectively illustrated by the use of world maps. 

One is surprised at the small amount of space (5 pages) devoted to the costs of 
mining and metallurgical treatment of the uranium and thorium ores from which 
the nuclear fuel for atomic power is derived. The authors’ discussion is based 
mainly on cost estimates by J. R. Menke.t. They note that “the cost of mining and 
refining per lb. of ore or of widely different minerals is remarkably alike” due to the 
“similarity of many of the operations performed, no matter what the mineral.” 
They interpret this as meaning that “the cost of minerals won by similar mining 
methods is determined in good part by the number of lbs. of ore mined per Ib. of 
pure mineral.” Menke estimates the reserves of uranium and thorium in the United 
States at 50,000 T. “definitely minable” (mainly carnotite) and 500,000 T. “probably 
minable” (mainly oil shale). The cost of producing metallic uranium or thorium 
assuming highest efficiency is estimated at $5.00 per pound of metal in the case of 
“definitely minable” reserves and $50.00 per pound of metal in the case of oil shales. 
The apparent confusion of the terms mineral and metal and the failure to differenti- 
ate concisely between pounds of carnotite ore, pounds of uranium minerals, and 
pounds of metallic uranium tend to make this discussion a bit nebulous. The au- 
thors compute that at the wartime price of $20.00 per pound of uranium, the cost 
of uranium would be 0.008 mill per kilowatt-hour, and at $200.00 per pound of 
uranium it would be 0.08 mill per kilowatt-hour. The authors conclude that “the 
cost of atomic power . . . probably will not be seriously affected by possible changes 
in the cost of uranium and thorium.” They consider that the cost of uranium and 
thorium will be a “negligible item in the total cost of electricity” developed from 
atomic fission. 

The present uranium production from high grade deposits and possible future 
production as a by-product of bituminous oil shales are noted. The authors empha- 
size the probable future importance of present sub-marginal deposits. They con- 
clude that there is a sufficient supply of fissionable materials from both foreign 
and domestic sources to satisfy the raw material requirements for the large scale 
development of atomic power and that enough uranium and thorium “will be avail- 

1 Menke, J. R., Nuclear fission as a source of power: Econometrica, vol. 15, pp. 321-324, 
1947, 
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able in the United States in large enough amounts to support a high level of atomic 
energy production for many hundreds of years.” One is inclined to question 
whether they have sufficiently substantiated their arguments. 

Detailed analyses are made of comparative costs of producing aluminum, chlorine 
and caustic soda, phosphate fertilizer, cement, brick, iron and steel, and flat glass 
using conventional and nuclear fuels as sources of power. The effects of the use of 
atomic power on costs, location of plants, and production processes are discussed 
for these industries. If technical difficulties can be solved, the comparative costs 
would be approximately the same for most of these industries. The use of atomic 
power might be most feasible in the production of aluminum due to the extremely 
large amount of electricity required. The development of stationary nuclear power 
plants to serve as a source of power for electrified railroads or as a source of central 
residential heating is considered feasible. 

The effects of atomic power on national and regional economies and the indus- 
trialization of backward areas through the use of atomic power are discussed: in 
detail. 

This book represents a rather successful attempt to accomplish the difficult task 
of synthesizing data to predict the hypothetical costs of atomic power and to de- 
velop the economic theory of the effects of such an invention. 


SPENCER S. SHANNON, JR. 


Il Giacimento Piombo Zincifero di Raibl in Friuli (Italia).. By D1no p1 Cor- 
BERTALDO. Pp. 149; figs. 40. Memoir presented at the 18th Internat. Geol. 
Congress, London, 1948. S. A. Miniere Cave di Predil, Roma, 1948. 


The Raibl lead and zinc deposit is located in the Western Giulian Alps, 8 km 
south of Tarvisio. Although known at the beginning of the 11th century, and 
worked from time to time during the Middle Ages, its production was increased by 
Austria, but its maximum development came after that region was annexed by Italy 
in 1923. 

The district is the southern limb of the wide syncline that extends from the Val 
Canale to the Val Resia; the direction is east-west and the average dip 30°. The 
author agrees with Walker’s hypothesis that the Raibl faults are very recent move- 
ments, apparently independent of the formation of the original faults, and came 
between the end of the Oligocene and the beginning of the Miocene. The deposit 
is contained in a triangular fault block, strongly faulted and fractured. 

The Raibl deposit consists of primary and secondary ores. The primary deposit 
consists of sulphides (sphalerite, galena, marcasite, and pyrite), and is the most 
important. It is a moderate temperature hydrothermal deposit, probably of mag- 
matic origin, and can be classified as a replacement deposit in limestone, of a meso- 
thermal, apo-magmatic type. The secondary deposit consists of an upper zone of 
oxides (mainly iron) and a lower zone rich in carbonates (smithsonite) and basic 
carbonates (hydrozincite), together with other subsidiary minerals (celamine, me- 
lanterite, gypsum, goslarite, bianchite, anglesite, cerussite, wulfenite, etc.). It is 
typically metasomatic and is due to double decomposition reactions between soluble 
salts of lead and zinc and the surrounding limestone. 

There is an interesting table that summarizes the relation between the three 
hydrothermal phases of the mineralization and the tectonic phases. 

From his study of the deposit, the author considers that the zones outside the 
area of mineralization should be studied further and that the Raibl mine contains 
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a sufficient reserve of zinc and lead to assure it a long future, although he does not 
give us any quantitative data. 


M. L. MIcNoNeE. 


Crystal Growth. By H. E. Bucktey. Pp. 571; tbls. 31; figs. 169; pls. 88. John 
Wiley & Sons, New York, Chapman & Hall, London, 1951. Price, $9.00. 


This is the first book in English to cover the entire field of crystal growing, 
both theory and practice. It is a field also that has a pronounced practical bearing 
as in the replacement of natural piezoelectric quartz crystals by synthetic ones, or 
in doubly refracting calcite for lenses and prisms. 

The chapter headings are: Solution and Solubility, Solubility and Supersolu- 
bility ; The Artificial Preparation of Crystals ; The Curie Theory of Crystal Growth; 
The So-Called Velocities of Growth; The Diffusion Theories; Recent Theories of 
Crystal Growth; Ideal and Real Crystals; Miscellaneous Types of Crystallization ; 
Dissolution Phenomena; Crystal Habit Modification by Impurities; Relationship of 
Substances during Crystallization; Peculiarities of Crystal Growth; Appendix. 

From the chapter headings it will be seen that the book deals with practical 
phases of apparatus, theoretical aspects from Curie to Stranski and Kossel, causes 
of imperfections, types of crystallization, and effects of impurities. There is a 
body of information for crystallographers, much of crystallization from melts, of 
interest to petrologists and economic geologists, and of course valuable material for 
chemists, metallurgists, physicists, instrument makers, and others in scientific pur- 
suits. It is a book that should find a useful place. 


Oil-Field Exploration and Development. By A. Beesy THompson. 2 vols.; 
pp. 1209; figs. 270; thls. 50. 2nd Edition enlarged with appendices. The Tech- 
nical Press Ltd., London, and Anglobooks, New York, 1950 (1951). Price, 
$20.00. 


Before reading the contents or preface of this new bulky and costly two-volume 
book, the reviewer idly flipped over the pages, glancing here and there. He was 
startled to note that production statistics ended with 1924, and under a description 
of Canadian oil fields there was no mention of the new Alberta oil fields! In sur- 
prise he turned to the “Preface to the Second Edition” and read the following 
opening sentences: “Owing to the difficulties and expense of producing a new edi- 
tion of Oil-Field Exploration and Development, both publishers and author reluc- 
tantly agreed to re-issue at a lower price the old volumes with appendices that would 
bring essential data up-to-date. Little has transpired since 1925 to modify the 
principles enunciated relative to oilfield exploration and exploitation, although revo- 
lutionary changes in technique have taken place in almost all branches of the in- 
dustry. In the province of prospecting almost unbelievable help has been rendered 
by aero reconnaissance and photography and by newly developed geophysical meth- 
ods ; but geologists have also been materially helped by a sounder acquaintance with 
micro-organisms and coring methods.” 

The old, well-known book of 1925, by a world known author, is directly reprinted 
without changes except that each volume is preceded by Appendices as follows: 
Volume I (Principles), App. A, “Introduction,” 3 pp.; App. B, “Oilfield Discoveries 
and Developments since 1925 in the Western Hemisphere,” including new statistics, 
19 pp.; App. C, “European Oilfield Developments since 1925,” 6 pp.; App. D, “Mid- 
dle East and Australia,” 11 pp.; total addition to Volume I, 39 pages. Volume II 
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(Practice), App. E, “Modern Refining Operations,” 8 pp.; App. F, “Oilfield Con- 
trols,” 3 pp.; App. G, “Drilling Technique,” 11 pp.; App. H, “Recovery of Oil,” 
5 pp.; App. I, “Gas and Natural Gasoline,” 3 pp.; total additions to Volume IT, 30 
pages. 

There are probably few American petroleum men who would agree that the 
addition of 69 pages of appendices to the 1241 pages of the older two volumes 
could attempt to bring any reader up to date on the stupendous changes that have 
taken place in the oil industry since 1925. This applies to principles as well as 
practices. The great contribution of thought found in the Bulletin of the American 
Association of Petroleum Geologists from Volume 9 in 1925 to Volume 34 in 1950, 
for example, is covered in only a few pages. 

One would wonder why any person interested in the petroleum industry should 
care to spend $20.00 for a former standard reference book that covers the last quar- 
ter century of progress in only 69 pages, when several modern books are available, 
such as “The Science of Petroleum.” It does, however, present in well written 
form the thoughts and practices that existed 25 years ago. ’ 


BOOKS RECEIVED. 
CHARLES H. SMITH. 


U. S. Geological Survey—Washington, D. C., 1950-1951. 


Prof. Paper 221-E. Geology of the Fort Smith District, Arkansas. T. A. 
HENDRICKS AND BryAn Parks. Pp. 26; figs. 6; pls. 6. Price, $1.00. A 
description of the stratigraphy, structure, and geomorphology. 


Prof. Paper 221-F. Pleistocene Shore Lines in Florida and Georgia. F. 
Stearns MacNett. Pp. 12; pls. 7. * Price, $1.00. Indicates that no rela- 
tionship exists between the Pleistocene terraces and land pebble phosphate 
deposits. 


Prof. Paper 221-H. The Habits and Adaptation of the Oligocene Saber 
Tooth Carnivore, Hoplophoneus. Jean Houcu. Pp. 12; pls. 6. Price, 
40 cts. A study of the anatomy and hunting habits of Hoplophoneus, with 
comparisons to both fossil and present-day relatives. 


Bull. 962-D. Tin Deposits of Durango, Mexico. Warp C. Smitru, KENn- 
NETH SEGERSTROM, AND REINALDO Guiza, Jr. Pp. 49; pls. 17. Summary 
of economic possibilities of area. Ore bodies are too small and low grade 
for profitable mining by large-scale methods. 


Bull. 963-D. Photo Interpretation of the Terrain along the Southern Part 
of the Alaska Highway. Hucn M. Raup anp Cuartes S. Denny. Pp. 
38; figs. 11; pls. 8; tbls. 3. Price, 55 cts. Amn application of the combined 
knowledge and techniques of botany and geology to the photo interpretation 
of terrain in northern regions. 


Bull. 964-D. Geology and Mineral Resources of the Maimén-Hatillo Dis- 
trict, Dominican Republic. A. H. KascHMANN AND MACKENZIE GORDON, 
Jr. Pp. 52; pls. 2; tbls. 3. Price, 75 cts. Cretaceous and Tertiary sedi- 
mentary rocks and volcanics intruded by syenite and ultramafic rocks. Iron, 

nickel, copper, cobalt, manganese, and chromium deposits described. 
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Bull. 964-E. Quicksilver Deposits of Chile. J. F. McAtuister, Hector 
Fores W., AND CarLos Ruiz F. Pp. 39; figs. 6; pls. 11. Price, 75 cts. 
Small deposits in a 500 km belt in north-central Chile. Mineralogy and indi- 
vidual deposits described. Low-grade and shallow mineralization. 


Bull. 969-D. The Blewett Iron-Nickel Deposit, Chelan County, Washing- 
ton. Cart A. LAmey. Pp. 14; pls. 3; figs. 2. Price, 65 cts. Jron, nickel, 
and chromium in fragments and matrix of a peridotite conglomerate derived 
in part from a lateritic iron deposit and in part from the serpentinized peri- 
dotite on which the laterite formed. Mode of accumulation explained by 
landslide or mudflow activity. 


Bull. 976-D. Geophysical Abstracts 143, October-December, 1950. Mary 
C. Rappitt AND S. T. VessELowsky. Pp. 55. Nos. 12340 to 12513. 


Water-Supply Papers. 


1050. Quality of Surface Waters of the United States, 1946. Under the 
direction of C. G. PauLsEN. Pp. 486. 


1104. Quality of Water of the Gila River Basin Above Coolidge Dam, Ari- 
zona. JoHn D. Hem. Pp. 230. 


Geology of the San Dieguito Pyrophyllite Area, San Diego County, California. 
RicHarp H. JAHNs AND JoHN F. Lance. Pp. 32; figs. 21; pls. 2. California 
Div. Mines Spec. Rept. 4, San Francisco, Nov. 1950. Price, 50 cts. Jurassic 
volcanics cut by tonalite and granodiorite. Pyrophyllitization controlled by 
fractures and to lesser extent by rock composition. Attributed to hypogene solu- 
tions from tonalite acting at intermediate temperatures and pressures. 


Kansas Pits and Quarries. Rosert O. Kutstap AND Eart K, Nixon. Pp. 12; 
pl. 1; tbls. 2. Kansas Univ. Geol. Survey Bull. 90, Pt. 1, Lawrence, 1951. 


Second Biennial Report of the Division of Geological Survey and Water Re- 
sources of Missouri. Pp. 29. Rolla, 1950. 


New Hampshire Planning and Development Commission—Concord, 1950. 


Structural and Economic Features of Some New Hampshire Pegmatites. 
H. M. BANNERMAN. Pp. 31; figs. 7; pl. 1. Price, 30 cts. General features 
of pegmatites and individual mines described. Felspar and mica of com- 
mercial interest. 

Clays of New Hampshire. Donatp H. CHapmMan. Pp. 27; pl. 1. Price, 30 
cts. Glacial origin, physical tests, chemical analyses; descriptions of indi- 
vidual deposits. 


Foundry Sands of New Hampshire. T. R. Meyers. Pp. 32. Price, 30 cts. 


Types, properties, production and preparation, origin and distribution of 
foundry sands. 


Feldspar and Associated Pegmatite Minerals in New Hampshire. J. C. 
Oxtson. Pp. 50; pls. 8; figs. 2. Price, 65 cts. Properties, uses, production 
and sources of minerals described. 


The Geology of the Mt. Pawtuckaway Quadrangle, New Hampshire. 
Jacos FreepMan. Pp. 34; figs. 12; colored map, scale 1/62,500. Price, 
$1.00. Geology simply described to appeal to the layman. 
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The Geology of the Lovewell Mountain Quadrangle, New Hampshire. 
Mitton T. Heap. Pp. 29; figs. 11; colored map, scale 1/62,500. Price, 
$1.00. Geology described in simple language for the layman. . 


Natural Gas in Ohio: A History. T. H. Kerr. Pp. 115; figs. 40; tbls. 10. 
Price, $1.00. Ohio Univ. Eng. Exper. Sta. Circ. 52, Columbus, Sept. 1950. 


The Climatic Factors of Ohio’s Water Resources. Eart E. SANDERSON. Pp. 
129; pls. 77. Ohio Dept. Nat. Resources Bull. 15, Columbus, May 1950. 


Preliminary Report—Leidy Gas Field and Adjacent Areas, Clinton County, 
Pennsylvania. J. R. Esricgnt anp A. I. IncHam. Pennsylvania Topog. and 
Geol. Survey Progress Rept. 134, 1951. Map, scale 1” = 2,000’. 


Geology and Barite Deposits of the Del Rio District, Cocke County, Tennessee. 
H. W. Fercuson anv W. B. Jewett. Pp. 235; pls. 43; figs. 6; tbls. 10, core- 
drill hole logs 11. Tennessee Div. Geology Bull. 57, Nashville, 1951. Struc- 
ture, stratigraphy and barite deposits; also manganese, iron, kaolin, quartzite. 
Barite is localized along or near 2 prominent thrusts and originated as hydro- 
thermal replacement veins or by residual concentration. Reserves over 200,000 
tons. 


Chemical Character of Ground Water in the Coastal Plain of Virginia. D. J. 
CEDERSTROM. Pp. 62; figs. 10; tbls. 6. Virginia Geol. Survey Bull. 68, Uni- 
versity, 1946. Discusses soft water, hard bicarbonate waters, soft sodium- 
bicarbonate waters, high-chloride waters, with many chemical analyses. 


Report of Mines, Forests and Scientific Services Branch for the Year Ended 
March 31, 1949. W.B. Timm. Pp. 116. Canada Dept. Mines and Resources, 
Ottawa, 1950. 


Annual Report of the Department of Mines and Technical Surveys for the 
Year Ended March 31, 1950. Pp. 112. Ottawa, 1951. Price, 50 cts. 


Ontario Department of Mines—Toronto, 1951. 


58th Annual Report, Vol. 58, Part VI, 1949. Geology of Skead Township, 
Larder Lake Area. D.F. Hewitt. Pp. 43; figs. 9; photos 6; colored map, 
scale, 1” = 1,000’. Covers the south contact of the Timiskaming sediments 
with the Keewatin lava complex. Occurrences of gold, chalcopyrite, sphaler- 
ite, argentiferous galena, and asbestos. Properties described. 


59th Annual Report, Vol. 59, Part V, 1950. Geology of Echo Township. 
H. S. Armstronc. Pp. 40; photos 12; 2 colored maps, Township of Echo, 
scale 1” = 1,000 and Newlund mine, scale 1” = 500’. Volcanics and sedi- 
ments intruded by quarts porphyry, granodiorite and granite (Algoman?). 
Newlund and other gold deposits described. 


Recent Activities in the Sioux Lookout Area. E. O. Cuisnotm. Pp. 11; 
fig. 1. Recent descriptions of individual gold properties in Newlund-Sioux 
Lookout area. 


Preliminary Report on Drilling to Determine Stratigraphical Succession at 
Piskoshi Point, James Bay. Pp.9. Log and fossils of a hole drilled 1,465 
feet in Devonian and Silurian sediments. 


Australia Bureau of Mineral Resources, Geology and Geophysics—Canberra, 
1949. Each of the following summary reports contains between 17 and 55 
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pages, with tables and figures, and gives production, consumption, uses, prices, 
with a brief description of the industry and deposits in Australia. 

No. 5, Graphite; No. 12, Diatomite; No. 16, Tungsten; No. 25, Lithium; 
No. 26, Sillimanite, Kyanite, Etc.; No. 35, Minor Metals; No. 36, Gypsum. 


New Zealand Department of Scientific and Industrial Research—Wellington, 
1948-1950. 


Preliminary Report on the Lignite Deposits of the Mataura Valley, Eastern 
Southland Coalfield. R. W. Witterr. Pp. 18; figs. 3. Tertiary lignite 
seams range in thickness from 8 to 65 ft. Development of lignite mining 
industry discussed. Total inferred reserves are 152,700,000 tons. Account 
of proposed methods of lignite utilization. 


Geol. Bull. 49. The Limestone Resources of Southland, New Zealand. 
R. W. Wittetr. Pp. 41; figs. 11. Description of present development, 
quarries, production, and plants. An estimated reserve of 4,500 million tons 
of Mid-Tertiary limestone. 

Dique Basaltico en Tanti, Provincia de Cérdoba, Argentina. JUAN CarLos 
BENVENUTI. Pp. 35; figs. 14; pls. 3. Inst. de Fisiografia y Geologia, Rosario, 
1950. Description of a basaltic dike. 

Contribucién al Conocimiento de la Geologia Ecénomica de Entre Rios. I. 
RAFAEL Corpinr. Pp. 78; pls. 10; figs. 40. Direccién General de Industria 
Minera, Buenos Aires, 1949. Economic materials include sands, sandstones, and 


limestones of Mesozoic and Cenozoic age. Deposits and their origin are de- 
scribed in detail. 


Relatério de 1949. Pp. 222; numerous tables and figures. Conselho Nacional 

do Petréleo, Rio de Janeiro, 1950. 

Coimbra University Publications—Coimbra, Portugal, 1950. 

Memiérias e Noticias 26. Pp. 60; pls. 20. Geology of the Portuguese iron 
ores. 

Memérias e Noticias 27. Pp. 123. Five papers on hydrology; stratigraphy; 
sedimentary petrology; climatic divisions of Portugal; and the igneous rocks 
of Angola. 

Memérias e Noticias 28. Pp. 66. Five papers on igneous and sedimentary 
petrology. 


The Science Reports of the Téhoku University, Sendai, Japan, Second Series, 
Vol. XXIII. Pp. 201; figs. 74; separately 32 plates. Tokyo, 1949. Descrip- 
tion of mammals, reptiles and amphibians found in fissures in limestone. 











SCIENTIFIC NOTES AND NEWS 


M. Howarp BEr.iner has resigned from the Eagle-Picher Mining & Smelting 
Co., Tucson, to accept a position with the U. S. Geological Survey, Joplin, Mo. 


A. KeitH But er is now located at Newcastle, Australia, as manager for the 
Broken Hill Proprietary Co., Ltd. 


Puitip R. Brap.ey, JR., mining committee chairman and president of Pacific 
Mining Co., San Francisco, has been named consultant for the Defense Minerals 
Administration and acting chairman of the Civilian Commodities Committee for 
manganese, chromium, and tungsten. 


DonaALp F, CAMPBELL is now located at Rua Barao da Torre No. 443, Ipanema, 
Rio de Janeiro. 

Douctas D. Donatp, mining geologist, has joined the New Jersey Zinc Co., 
Austinville, Va. 


Cuartes R. Fetrke has been named Professor of Geology at the Carnegie 
Institute of Technology, Pittsburgh. 


Ricuarp N. Hunt is now geologist for the U. S. Smelting, Refining & Mining 
Co., Salt Lake City. 


CLARENCE O, MitteNporrF has joined the staff of the Defense Minerals Admin- 
istration as director of production expansion. He was formerly director of the 
Economic Cooperation Administration mission in Turkey. 


ALAN Prosert, assistant director, Foreign Minerals Region IX, Bureau of 
Mines, is now located at Washington, D. C. ‘He had been stationed in Mexico City. 


Danie T. O’ConNELL is Associate Professor of Geology and Chairman of the 
Geology Department, City College of New York. He is serving as consultant to 
the State of New York Building Code Commission. 


Haroitp A. QuINN has joined the staff of the Geological Survey of Canada, 
Department of Mines and Technical Surveys, as a geologist. 


Rosert G. REEVEs is now geologist for the U. S. Geological Survey, Reno. 


BINDESHWARI NaRAIN SINHA has left for Calcutta, India, where he will be 
Assistant Geologist, Geological Survey of India. 


FRANK N. Spencer has resigned as chief engineer and geologist for the Com- 
pafiia Minera Aguilar, Argentina, to accept the position as resident mining engineer 
for the Cerro de Pasco Copper Corporation, New York. 


The Society of Economic Geologists will meet this year with the Geological 
Society of America in Detroit, November 8-10. A dinner has been scheduled for 
November 9, at which time Mr. Ira B. Joralemon will give the Presidential Address. 
Those desiring to submit papers at the meeting should send abstracts to F. S. Tur- 
neaure, Program Chairman, 1905 E. Stadium Blvd., Ann Arbor, Michigan. It is 
requested that, if possible, abstracts be submitted by July 16. Abstract blanks are 
available from Mr. Turneaure at the above address or from Mr. Olaf N. Rove, 
Secretary, c/o U. S. Geological Survey, Washington 25, D. C. 


456 











SCIENTIFIC NOTES AND NEWS. 457 


Joun J. Cottins has resigned from the U. S. Geological Survey to take a posi- 
tion with the Mining Department of the American Smelting and Refining Company 
as their Special Representative in Europe and Africa, with headquarters in London, 


where his address is c/o the company, Adelaide House, King William St., London, 
E.C. 4, England. 


M. S. KrisHNAN, Regional Vice-President of the Society of Economic Geolo- 
gists for Asia, has been appointed Director of the Geological Survey of India. 


The Society of Economic Geologists plans to hold a meeting at Algiers, during 
the session of the XIXth International Geologic Congress. Details will be an- 
nounced later. Mr. F. Blondel, 12 Rue de Bourgogne, Paris 7°, France, has kindly 
agreed to take charge of arrangements for this meeting, and would appreciate noti- 
fication from those who expect to attend. 


The fall meeting of the American Institute of Mining and Metallurgical Engi- 
neers will be held September 13—-15th in the Mineral Industries Building, West Vir- 
ginia University, Morgantown, West Virginia. Technical papers and field trips 
are scheduled. 


The VU. S. Civil Service Commission has announced an examination for Geolo- 
gist to fill positions located throughout the United States at yearly salaries ranging 
from $4,600 to $7,600 a year. No written test will be given applicants for this 
examination. To qualify, they must show that they have had appropriate college 
education or a combination of appropriate college study and experience. In addi- 
tion, they must have had professional experience in geology. Further information 
and application forms may be obtained at most first- and second-class post offices, 
from Civil Service regional offices, or from the U. S. Civil Service Commission, 
Washington 25, D. C. Applications will be accepted until further notice in the 
Commission’s Washington office. 


H. W. Fercuson has been appointed State Geologist for Tennessee, succeeding 
H. B. Burwe tt who resigned May 1, 1951, and W. D. HarpeMan has been ap- 
pointed Assistant State Geologist. 


The Shell Fellowship Committee of the Shell Oil Co. have renewed their sup- 
port of higher edeucation for the academic year 1951-52. The Fundamental Re- 
search Grants, initiated last year, are extended for a second year and will total 
$60,000.00, supplementing the Graduate Fellowship Program of 45 fellowships, 
totaling $75,000.00 annually, which also remains unchanged for 1951-52. Under 
the Fundamental Research Grants, direct awards are made to university science 
departments to assist them in conducting basic research. Twelve grants of $5,000.00 
each have been made in Chemistry, Chemical Engineering, Geology, Mechanical 
Engineering, Metallurgy-Corrosion, and Physics. Schools receiving these awards 
are: California Institute of Technology, Carnegie Institute of Technology, Univer- 
sity of Chicago, Harvard, Massachusetts Institute of Technology, Princeton, Stan- 
ford, and Yale. There are no restrictions on publication and use of the results, nor 
on the way the money is spent provided it is utilized directly for fundamental re- 
search. The idea of grants by industry for basic research is relatively new and 
gives recognition to the vital importance of this type of research for continued prog- 
ress in industry and national defense. This concept also recognizes that the colleges 
are well equipped to carry on such research and that, without outside aid, they are 
often unable to undertake the work that should be done to promote the national 
welfare. 

Shell’s Graduate Fellowship Program is designed to assist outstanding students 
to obtain advanced scientific degrees. It provides for awards to universities in the 
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fields of Chemistry, Chemical Engineering, Geology, Geophysics, Mechanical Engi- 
neering, Petroleum Production Engineering, Physics, and Plant Science. The Shell 
Fellows receive a stipend of $1,200.00 and tuition and fees; a special fund of $300.00 
is allocated to each school for related research expenses of the fellow. Candidates 
in their final year of Doctorate study are given preference but awards may be made 
to other graduate students. Recipients of these grants are under no obligation to 
Shell. Both programs are administered by the Shell Fellowship Committee, a group 
of senior executives representing Shell Oil Company, Shell Chemical Corporation, 
Shell Development Company, and Shell Pipe Line Corporation. 


Donatp H. McLAuGuHtiin has been appointed to the Board of Regents of the 
University of California. 
Hernricu Ries, Professor Emeritus of Economic Geology at Cornell Univer- 


sity, died of a heart attack at his home in April. Professor Ries had been an Asso- 
ciate Editor of this Journal for over 35 years. 


The S. F. Emmons Memorial Fellowship for the academic year 1951-52 has been 
awarded to Camon G. CHERITON, who will pursue his investigation at Harvard 
University, and to Spencer S. SHANNON, Jr., who will pursue his investigation at 
Yale University. Each Fellow received a stipend of $1,000.00. 





